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ABSTRACT
Weeds are the most limiting factor on soybean yields in South Carolina. With
their early emergence and rapid growth, weeds compete with crops for resources. The
recent evolution of herbicide resistant weeds has made it increasingly difficult for
growers to actively control weeds in fields. Glyphosate and ALS-resistant Palmer
amaranth (Amaranthus palmeri S. Watson) biotypes have spread rapidly throughout
South Carolina, especially in areas where resistance management isn’t practiced. In the
near future, soybean varieties will be introduced with tolerance to 2,4-D (Dow
AgroSciences) and dicamba (Monsanto Company). Field and greenhouse experiments
were conducted at Edisto Research and Education Center located near Blackville, SC in
2012 and 2013 to evaluate 2,4-D and dicamba-based herbicide programs for weed
management in soybean. Overall, the 2,4-D based herbicide treatments were effective in
controlling weeds 2 weeks after second post emergence (WAP2). 2,4-D plus glyphosate
premixture provided excellent Palmer amaranth, pitted morningglory [Ipomoea
lacunosa (L.)] and large crabgrass [Digitaria sanguinalis (L.) Scop.] with > 95% control
at 2 WAP2. A lack of soil moisture in 2012 caused a decrease in pitted morningglory
control because s-metolachlor plus fomesafen was not activated due to lack of adequate
soil moisture. In general, dicamba alone preemergence (PRE) application wasn’t as
effective as flumioxazin alone PRE. Dicamba PRE followed by glyphosate plus dicamba
premixture POST1 gave excellent control (> 97%) 2 WAP1. In the greenhouse,
glufosinate alone treatments provided the best control of Palmer amaranth, pitted
morningglory and sicklepod [Senna obtusifolia (L.) Irwin and Barneby]. Synergism was
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observed when sicklepod was treated with glufosinate plus dicamba resulting in greater
control than if either compound was applied alone. Glyphosate alone treatments provided
the least control of all 3 weeds at all heights. Results from these studies demonstrated that
Palmer amaranth was effectively controlled with auxinic herbicide mixtures. Also,
flumioxazin PRE followed by glyphosate plus dicamba premixture POST1 and POST2
provided excellent Palmer amaranth and large crabgrass control ( > 99%) 2 WAP2.
Glyphosate plus 2,4-D premixture provided excellent control of all 3 weed species
evaluated. Based on the herbicide programs evaluated in these studies, herbicide resistant
weeds, such as Palmer amaranth, can be effectively controlled when treated at the correct
growth stage.

iii

ACKNOWLEDGMENTS
The author would like to thank the Supreme provider, Jesus Christ for the mental
and physical ability to have performed this research. A great degree of gratitude is
expressed to the author’s parents who supported him throughout life’s journey. Much
gratitude is expressed to Dr. Michael W. Marshall, chair of the advisory committee for
his invaluable instruction and guidance for the past 2 years. Gratitude is also expressed to
Dr. Nishanth Tharayil and Dr. Scott Monfort for their patience and guidance as members
on the author’s advisory committee. Special thanks is expressed to Mr. Benjamin Sharp
for his assistance in statistical analyses, Mrs. Tammy Morton for all the help and
guidance she gave and Dr. Halina Knap for her ability to motivate and guide.
Thanks goes out to all the faculty, staff and graduate students of Edisto REC for
their willingness to help whenever the need arose and also to the summer employees; Ms.
Jordan Raska and Ms. Gabrielle Bates for their help in field and lab work. The author
would also like to thank fellow Plant and Environmental Science graduate student Mr.
Colton Sanders for his help in the field, lab work and for his camaraderie. The author also
thanks the South Carolina Soybean Board and the School of Agriculture, Forestry, and
Environmental Science for grant and funding support. Finally, the greatest thanks go out
to the author’s wife Mrs. Nichole Dixon-Joseph for her loving support and motivation
also to his daughter Ms. Davina Amerie Joseph.

iv

TABLE OF CONTENTS

Page
TITLE PAGE .................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
ACKNOWLEDGMENTS .............................................................................................. iv
LIST OF TABLES ......................................................................................................... vii
LIST OF FIGURES ........................................................................................................ ix
CHAPTER
I.

INTRODUCTION ......................................................................................... 1
History and Overview of Soybean ........................................................... 1
Glyphosate Tolerant Crops ...................................................................... 5
Economically Important Weeds in South Carolina ................................. 8
Cultural Weed Management Techniques ............................................... 12
Upcoming Trait Tolerant Crop Technologies ........................................ 15
Literature Cited ...................................................................................... 21

II.

EVALUATION OF 2,4-D BASED HERBICIDE
PROGRAMS FOR WEED CONTROL IN 2,4-D
TOLERANT SOYBEAN....................................................................... 26
Abstract .................................................................................................. 27
Introduction ............................................................................................ 28
Materials and Methods ........................................................................... 31
Results and Discussion .......................................................................... 33
Literature Cited ...................................................................................... 39

v

Table of Contents (Continued)
Page
III.

EVALUATION OF DICAMBA BASED HERBICIDE
PROGRAMS FOR WEED CONTROL IN DICAMBA
TOLERANT SOYBEAN....................................................................... 48
Abstract .................................................................................................. 49
Introduction ............................................................................................ 50
Materials and Methods ........................................................................... 54
Results and Discussion .......................................................................... 56
Literature Cited ...................................................................................... 63

IV.

THE EFFECT OF PALMER AMARANTH, SICKLEPOD
AND PITTED MORNINGGLORY SIZE ON THE
EFFICACY OF 2,4-D, DICAMBA, GLUFOSINATE
AND GLYPHOSATE COMBINATIONS ............................................ 80
Abstract .................................................................................................. 81
Introduction ............................................................................................ 82
Materials and Methods ........................................................................... 86
Results and Discussion .......................................................................... 88
Literature Cited ...................................................................................... 95

vi

LIST OF TABLES

Table

Page

2-1

Herbicide treatments, application timing and rates for
2,4-D based herbicide weed control program
evaluation in 2012 and 2013 .................................................................. 42

2-2

Weather conditions at time of treatment application for
2,4-D based herbicide weed control program
evaluation trials in 2012 and 2013 ......................................................... 43

2-3

Palmer amaranth (AMAPA) percent visual control and
population counts as affected by herbicides in 2012
and 2013 ................................................................................................. 44

2-4

Pitted morningglory (IPOLA) percent visual control
ratings and population counts as affected by
herbicide treatments in 2012 and 2013 .................................................. 45

2-5

Large crabgrass (DIGSA) percent visual control and
population counts as affected by herbicide
treatments in 2012 and 2013 .................................................................. 46

2-6

Palmer amaranth, pitted morningglory and large
crabgrass ANOVA tables for 2,4-D Study in 2012
and 2013. .............................................................................................. 47

3-1

Study 1 herbicide treatments, application timing and
rates for dicamba based herbicide weed control
program evaluation in 2012 and 2013 ................................................... 65

3-2

Herbicide treatments, application timing and rates for
dicamba based herbicide weed control program
evaluation in Study 2 ............................................................................. 67

3-3

Weather conditions at time of treatment application
Study 1 trials in 2012 and 2013 ............................................................. 68

3-4

Weather conditions at time of treatment application
for Study 2 trial in 2013 ......................................................................... 69

vii

List of Tables (Continued)
Table

Page

3-5

Palmer amaranth (AMAPA) percent visual control and
population counts as affected by selected herbicide
treatments for Study 1 in 2012 and 2013 ............................................... 70

3-6

Pitted morningglory (IPOLA) percent visual control
and population counts as affected by selected
herbicide treatments for Study 1 in 2012 and 2013 ............................... 72

3-7

Large crabgrass (DIGSA) percent visual control and
population counts as affected by selected herbicide
treatments for Study 1 in 2012 and 2013 ............................................... 74

3-8

Palmer amaranth control ratings and species counts as affected by
selected herbicide treatments in Study 2 in 2013................................... 76

3-9

Pitted morningglory control ratings and species counts as affected by
selected herbicide treatments in Study 2 in 2013................................... 77

3-10

Large crabgrass control ratings and species counts as affected by
selected herbicide treatments in Study 2 in 2013................................... 78

3-11

Palmer amaranth, pitted morningglory and large
crabgrass ANOVA tables for Study 1 in 2012
and 2013 ................................................................................................. 79

4-1

Herbicide treatment mixes and spray rates for
greenhouse trials .................................................................................... 97

viii

LIST OF FIGURES

Figure

Page

2-1

Rainfall amounts for May to September 2012 and 2013
at Edisto REC, Blackville, SC ............................................................... 41

3-1

Rainfall amounts from May to September 2012 and 2013
at Edisto REC, Blackville, SC ............................................................... 64

4-1

Pitted morningglory control at various plant heights as
affected by selected herbicide treatments in trial 1 ................................ 98

4-2

Pitted morningglory control at various plant heights as
affected by selected herbicide treatments in trial 2 ................................ 99

4-3

Palmer amaranth control at various plant heights as affected
by selected herbicide treatments in trial 1............................................ 100

4-4

Palmer amaranth control at various plant heights as affected
by selected herbicide treatments in trial 2............................................ 101

4-5

Sicklepod control at various plant heights as affected by
selected herbicide treatments in trial 1................................................. 102

4-6

Sicklepod control at various plant heights as affected by
selected herbicide treatments in trial 2................................................. 103

ix

CHAPTER ONE
INTRODUCTION

HISTORY AND OVERVIEW OF SOYBEAN
Soybean [Glycine max (L.) Merr.] along with wheat (Triticum spp.), corn (Zea
mays) and cotton (Gossypium spp.) are the principle agronomic crops grown in the
United States. Processed soybean are the world’s largest source of animal protein feed
and the second largest source of vegetable oil (USDA, 2012). According to the USDA
(2012) the United States is the leading soybean producer and exporter in the world and
soybean comprise about 90 percent of US oil seed production with other seeds like
peanut, canola, sunflower, and flax making up the remainder. How did a plant that
originated in China become the second most planted field crop after corn in the US? We
need to go back a little to help us understand the rise of soybean in the US and more
particularly in the southeastern US.
Origin of Soybean
Gibson and Benson (2005) stated that the first domestication of soybean was
traced to the eastern half of China to around the eleventh century B.C. Since that time, it
has been a major food staple for the Chinese population as much as rice, wheat, barley
and millet. In 1765, a seaman by the name of Samuel Bowen returned to Savannah,
Georgia from a voyage to China and brought with him the first recorded soybean to land
in the United States (Hymowitz and Harland, 1983). In his writings he stated that the
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Chinese used soybean to prepare vermicelli, which was superior to the Italian version. He
also went along to state that soybean were excellent because they were not destroyed by
weevils and provided excellent food on long ocean voyages. Because Samuel Bowen
didn’t own land, he asked the surveyor-general of Georgia to plant the seeds he brought
back. Bowen also had intentions of manufacturing soy sauce which would then be
exported to England (Hymowitz and Harland 1983).
Rise of Soybean Production in the United States
Here we see how soybean was introduced from China to the Southern US. How
did it get so popular? Gibson and Benson (2005) indicated that for many years the
soybean acreage in the US slowly and steadily increased because as a new crop, there
was immediate need for soybean oil and meal. It had a similar crop production culture as
corn and was beneficial in crop rotation to the other crops. Soybean acreage really
increased tremendously after World War II when its production began to move into the
“Corn-belt” of the United States. The Midwest states of Iowa, Missouri, Nebraska along
with others showed a 67 percent production rate in the US in 2003 (Gibson and Benson,
2005). Whereas the southern and southeastern states including South Carolina accounted
for 14 percent.
In 2013 the USDA reported that 31.5 million hectares in the United States was
planted with soybean. In 2013, South Carolina planted 162 thousand hectares, a rise of 8
thousand from the previous year (USDA 2013). The highest production was in Iowa
where they planted 3.8 million hectares in 2013 (USDA 2013).
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Soybean Production in South Carolina
In South Carolina farmers face many issues when it comes to growing soybean
and producing profitable yields. The first issue to be faced is the soil type on which to
grow. South Carolina soils are classified into five categories; coast, coastal plain,
sandhills, Piedmont, and Blue Ridge. The state’s soils developed over a series of
landforms that rise from the Atlantic Ocean through the gently rolling upstate Piedmont
to the base of the Blue Ridge Mountains. Coastal plain soils are generally sandy and well
drained. As you move more inland to the west, the elevation increases across the state
and the soils become deeper and more fertile. The majority of soybean are grown on the
coastal plain. These soils are sandy or coarse textured and tend to be more productive
because the depth of the clay layer is less than 38 cm (Clemson, 1993).
Variety selection is one of the most important decisions in regards to crop
management that a grower can make. With the advances in plant breeding, scientists were
able to produce varying cultivars of soybean adapted for growth in a variety of soil types,
altitudes, latitudes, and row spacing configurations. The grower selects the best adapted
cultivar for his location, soil type and also yield goals. A major issue to consider when
selecting a variety in South Carolina is the presence of soilborne nematodes which are
very prevalent throughout the state. Clemson research and Extension recommends full
season soybean to be planted between May 10 and June 10 with maturity group V-VII
being planted successfully within those dates.
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To many growers soybean yield is critical. No matter the issue or practice, they
are all geared towards increased yields. This can be achieved when the output is greater
than the resources that were input causing a profit at the time of harvest and selling of
harvest. Jason Norsworthy (2003) surveyed South Carolina soybean growers and found
that more than half of surveyed growers, 57 percent, listed weeds as the most limiting
factor in soybean yield. After that, insects and nematodes, if left untreated, can greatly
reduce yields. In the aforementioned survey, 19 percent of growers identified insects as
the most important pest in their fields and 24 percent of the same growers identified
nematodes as the most important pest in their fields. In South Carolina, 41 percent of
soybean are rotated with corn, 19 percent of growers rotated their soybean with cotton
and 35 percent of South Carolina growers never rotate soybean with another summer
crop (Norsworthy, 2003).
With the grower’s quest for higher yields and lower input costs, has led to the
development of herbicide tolerant crops. This allows the growers to apply herbicides over
the top of the crop while controlling the weeds present without harming the crop. This
has become an effective and economical choice for growers because weeds at almost
every stage of crop growth have been shown to reduce crop yield, especially in soybean.
To reduce impact of competition, weeds need to be treated quickly, efficiently and
effectively, and many large acreage growers are turning to, or have turned to the use of
genetically-modified crops. Reddy (2001) stated that engineering crops for resistance to
existing non-selective herbicides may be a more economically viable option for agrochemical industries than the huge costs associated with the discovery, development and
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commercialization of new herbicides. When was the last herbicide mode-of-action
discovered? Norsworthy (2014) claimed that it was in 1983, which was 30 years ago!
This clearly highlights the shift of resources from herbicide development to development
of tolerant crop technology, which is more cost effective for the herbicide industry.
GLYPHOSATE TOLERANT CROPS
Via stable integration of a foreign gene with the use of molecular biology
techniques and plant transformation, resistance to glyphosate was developed and
commercialized in soybean (Dekker and Duke, 1995). Glyphosate is a non-selective,
broad spectrum herbicide used extensively throughout the world during the past three
decades as a preplant, postdirected and in postharvest application timings (Franz et al.,
1997). Glyphosate is often referred to by its trade name Roundup and causes severe
injury when applied directly to the foliage of sensitive crops.
Glyphosate inhibits the biosynthesis of aromatic amino acids (phenylalanine,
tyrosine and tryptophan) which leads to the arrest of protein production and prevention of
secondary product formation (Reddy, 2001). Glyphosate inhibits the enzyme 5enolpyruvylshikimate-3-phosphate (EPSP) synthase in the shikimic acid pathway.
Enzyme 5-enolpyruvylshikimate-3-phosphate synthase catalyzes the reaction of
shilimate-3-phosphate and phosphoenolpyruvate to form 5-enolpyruvylshikimate-3phosphate and phosphate. Glyphosate is the only herbicide reported to inhibit EPSP
synthase (Pline et al., 1999). The enzyme 5-enolpyruvylshikimate-3-phosphate synthase
is present in all plants, bacteria and fungi but not in animals. Glyphosate is
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toxicologically and environmentally benign. Thus glyphosate is considered and
environmentally safe herbicide (Reddy, 2001).
Glyphosate tolerant (GT) soybean was introduced commercially in the United
States for planting in 1996. They are commercially known as Roundup Ready ® soybean
and remain unaffected when treated with the herbicide (Reddy, 2001). Due to the ability
of glyphosate to control a wide spectrum of grass and broadleaf weeds along with the
simplicity of using one herbicide post emergence has made the adoption of GT soybean
adoption increased rapidly in the US after the inception in 1996. After five years of its
introduction, GT soybean acreage jumped from 2 percent to 68 percent of acres planted
in the United States (USDA, 2001).
The most effective weed control in the GT-soybean occurs when glyphosate
applied after most weeds have emerged. Soil active or residual herbicides can be tank
mixed with glyphosate and applied to provide residual preemergence weed control.
However, due to the negative effects of some soil residual herbicides on crops, many
growers opted for the ease and simplicity of a total post emergence (POST) glyphosateonly weed control program in the crop production system. Because glyphosate has no soil
persistence, a glyphosate POST only program provided farmers with the freedom to
choose a rotational crop for the following year without restrictions (Reddy, 2001). A
major issue with effective glyphosate use in GT-soybean is application time. Weeds that
have emerged after application will escape and survive due to glyphosate’s non-residual
soil activity. This led to growers making consecutive POST applications of the herbicide
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to control late emerging weeds which led to increased selection pressure on major weeds
in our crop production systems.
To control nuisance weeds, glyphosate may be tank mixed with other POSTherbicides. Many growers at that time and some even today see glyphosate as a silver
bullet and go about using it without discretion. However, it has been documented that
under certain conditions, GR-soybean showed decreased chlorophyll production when
treated with glyphosate (Pline et al., 1999). Therefore, selection of proper rate and timing
for each glyphosate application is advised (Anonymous, 2012). As mentioned earlier
growers are trying to strike that balance between reduced inputs and increased yields.
After the introduction of the GT-soybean, herbicide input costs were dramatically
reduced. In addition, cultural practices, such as tillage were abandoned and cost-effective
conservation methods like no-tillage were adopted because GT-soybean technology made
it possible. However, those shifts led to an increase in Glyphosate-Resistant (GR)-weeds
in soybean fields throughout the US including South Carolina.
Glyphosate use has increased dramatically as production of GT-soybean grew.
The percentage of soybean being treated with glyphosate in 1996 at the introduction of
GT-soybean was 25 percent and 5 years later it increased to 62 percent (USDA, 2001).
Today, less than 3 percent of soybean grown in the United States are of a non-genetically
modified variety (USDA, 2014). Heap (1997) warned of the potential consequences of
continuous use of a single herbicide with the same mode-of-action to control weeds. He
stated that it would eventually lead to the selection of resistant weed populations. Four
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years later, Heap (2001) documented three GR weed species. As conventional soybean
acreage shrinks and GT-soybean acreage grows, it is safe to say that more and more weed
species will develop resistance to glyphosate. In the United States there are currently six
documented weed species with resistance to glyphosate including; rigid ryegrass (Lolium
rigidum), horseweed (Conyza canadensis), Italian ryegrass (Lolium multiflorum),
common ragweed (Ambrosia artemisiifolia), Palmer amaranth (Amaranthus palmeri),and
tall waterhemp (Amaranthus tuberculatus).
ECONOMICALLY IMPORTANT WEEDS IN SOUTH CAROLINA
When Norsworthy (2003) surveyed South Carolina soybean growers he asked;
what were the most problematic weeds in their soybean fields? The majority of farmers,
62 percent identified sicklepod, 59 percent named Palmer amaranth and 32 percent
mentioned morning glories. These 3 weed species are a problem for soybean growers
statewide and the majority of input production costs are used to manage them before
soybean yields are affected. Due to the economic importance of managing weeds,
growers must control these nuisance weeds early in the growing season to prevent yield
loss.
Sicklepod
Sicklepod [Senna obtusifolia (L.) Irwin and Barneby] is an important weed
throughout the Southeastern region of the US. Webster (2005) stated that it was the top
10 of the most troublesome weeds in soybean in 6 of 11 states in the region. Sicklepod is
a non-undulating legume which is a prolific seed producer and its seeds have a very hard
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seed coat which normally has to be scarified prior to planting to achieve germination. The
seed coat enables the plant to disperse its seeds through time; the seeds of the sicklepod
have been documented to remain viable in soils for up to 5 years (Senseman and Oliver,
1993). Sicklepod seed is able to germinate under a wide range of environmental
conditions and tillage practices and have been noted to emerge in fields throughout the
season causing difficulty in control with single POST applications of non-residual
herbicides (Norsworthy and Oliveira, 2006). Thurlow and Buchanan (1972) indicated that
as few as 8 sicklepod plants per m-2 reduced soybean yields by 35 percent. This is one of
the reasons why South Carolina farmers have listed sicklepod as their most troublesome
weeds because of the great yield losses the weed can cause. No documented cases of
herbicide resistant sicklepod have been reported.
Palmer amaranth
One of the most troublesome weeds in the Southern region of the United States is
Palmer amaranth. This plant utilizes many characteristics and growth habits which makes
it very competitive in grower’s fields throughout South Carolina and the southeast United
States. Palmer amaranth has a prolific growth habit at high light intensities and high
temperatures. It’s also a tremendous seed producer with a single female plant producing
up to 600 thousand seeds (Jha et al, 2007). Along with its rapid growth, Palmer amaranth
has effective drought tolerance mechanisms that allow it to thrive in dry conditions
(Whitaker et al, 2010). This can be attributed to its ability to move water through its
xylem quicker than many plants and also because it expends less energy and resources in
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growing xylem which leads to more energy for explosive growth, causing the plant to
quickly shade out neighboring plants. It’s also adapted to growing under shaded
conditions which allows competition under light-limited environments including growing
inside dense crop canopies. (Jha et al, 2007). Palmer amaranth has many competitive
mechanisms to compete with many of our agronomic crops.
Despite its invasive tendencies and history of range expansion, the appearance of
Palmer amaranth as a major agronomic weed in the Southern United States is a relatively
recent event. It first appeared in the annual survey of the Southern Weed Science Society
(SWSS) in 1989 in South Carolina (Webster and Coble, 1997). Yield losses as high as 78,
54 and 91 percent have been reported with a single Palmer amaranth per 0.125 m of row
in soybean (Bensch et al, 2003). Due to the overuse of glyphosate in GT crops, Palmer
amaranth rapidly developed resistance to glyphosate via several internal mechanisms
(Reddy, 2001). Glyphosate-resistant Palmer amaranth which was first documented in
Georgia in 2004 and is now found in 8 states including South Carolina (Culpeper et al,
2006). In addition, Palmer amaranth has evolved a resistance to acetolactase synthase
(ALS)-inhibiting herbicides in the Southern United States. Whitaker (2009) stated that in
Georgia and North Carolina populations of Palmer amaranth exists with resistance to
both glyphosate and ALS-inhibiting herbicides. Palmer amaranth is quickly becoming a
major super weed and many researchers have been scrambling to find ways of effective
control of these resistant biotypes.
Pitted morningglory
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The third, most troublesome weed in South Carolina soybean fields is pitted
morningglory [Ipomoea lacunose (L.)]. The occurrence of pitted morningglory in row
crops has shown an increase in recent years due to its inherent tolerant to glyphosate.
Pitted morningglory is prevalent in the Southeast regions of the United States including
South Carolina and is typically found in agricultural fields, roadsides, and woodland
margins (SWSS, 1998). Pitted morningglory is a sparsely pubescent, twining annual with
leaves that are ovate. Pitted morningglory is highly competitive during the early
reproductive stage of soybean due to its prolonged vegetative growth (Senseman and
Oliver, 1993). Pitted morningglory is also competitive with crops by causing crop
lodging when its vining habit wraps around the crops leading to reduced crop harvest
efficiency and has been noted to reduce crop yield by 81 percent in some instances
(Koger and Reddy, 2005). Like all of the other weeds highlighted, pitted morningglory is
a prolific seed producing 10,000 – 15, 000 seeds per plant or 52 million seeds per hectare
in a non-competitive setting (Norsworthy and Oliver, 2002). Another way in which pitted
morningglory is able to compete with crops is fast, explosive growth. Mathis (1977)
observed that 8 weeks after emergence, pitted morningglory had obtained enough size
and leaf area to compete inter-specifically with soybean for light and soil moisture.
Glyphosate is traditionally weak on pitted morningglory plants. Norsworthy et al.
(2001) reported that glyphosate efficacy is often variable and inadequate when applied
alone at rates (0.84 to 1.26 kg ae ha-1) which are typically used by growers. Limited foliar
absorption through the plant cuticle is cited as the reason for reduced susceptibility of
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pitted morningglory to glyphosate. Also due to its vining growth pattern, the plant
exhibits leaf overlap and this limits the amount of herbicides that enters the plant.
With the development of resistance in Palmer amaranth to glyphosate and ALSinhibiting herbicides, and also with the emergence of sicklepod throughout the growing
season, coupled with pitted morningglory’s persistence to recommended glyphosate rates;
growers who are trying to control these weeds need to take additional approaches which
don’t involve the use of herbicides.
CULTURAL WEED MANAGEMENT TECHNIQUES
Weed seedbank management
As herbicide resistance spreads, growers need to use alternative methods to
subdue and control weeds that infest their fields. The first place to start is by managing
the soil seedbank of those weeds. As we saw earlier, one of the main characteristics
mutual to the main nuisance weeds of soybean is their ability to produce prolific amounts
of seed. These seeds, when dispersed, grow into next season’s weeds but the majority
remains in the seedbank and wait for optimum conditions to germinate. The weed
seedbank is the reserve of viable weed seeds present on the soil surface and is mainly
confined to the upper layer of the soil profile. It consists of both new seeds recently shed
and older seeds that have persisted in the soil for several years, agricultural soils may
contain thousands of weed seed per square foot (Menalled, 2008). The weed seeds enter a
field not only by direct dispersal by the weed but also by animals, wind, water and human
activities. Dormancy is a critical survival mechanism for weed seed which helps disperse
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the seed through time. Dormant seeds will remain in the soil and not germinate under any
set of environmental conditions. When dormant, the seeds will not germinate until the
correct sets of environmental conditions are present.
The occurrence of weed seed through the soil profile is normally determined by
the size of the seeds, the method of dispersal, and most importantly, the tillage systems.
Under reduced tillage systems, such as chisel plowing Menalled (2008) reported that 8090 percent of the weed seeds were distributed in the top few inches of the soil profile and
in no-till fields, the majority of weed seed were found at or near the soil surface. So what
does that mean with regards to weeds being present in fields? Well, tillage buries seed,
which enhances seed longevity within soil and causes them to remain viable longer when
buried. Whereas no-till exposes seed to surface predators like birds and pathogens which
reduce seed persistence. Managing the weed seed deposits to the soil seedbank provides a
way for growers to ease future weed management practices.
Tillage
While reduced tillage practices and no-till was mentioned earlier as a means of
weed seedbank control, when it comes to weed management there are varying effects of
no-till and reduced tillage. When weeds are present in a field, reduced tillage brings with
it changes in weed species and populations. It can also be said that any reduction in
tillage intensity or frequency, poses serious concerns with regards to weed management.
Some preemergence herbicides need to be incorporated into soil to become effective and
also to remove surface residues that would otherwise impede the herbicide. So when it
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comes to weed management, conservation tillage is an effective practice that should be
employed by growers. Conservation tillage is an umbrella term that encompasses many
types of tillage and residue managements which aim to manage and control weeds
(Reicosky and Allmaras, 2003).
Row spacing
Row spacing is another non-chemical weed management technique which
growers can use as an alternative method to supplement their herbicide programs. Plants
need sunlight to grow and seeds also need sunlight to germinate. The 3 weeds highlighted
earlier all need high amounts of sunlight to germinate and flourish. Palmer amaranth
shows shade tolerance; however, for them to maintain their rapid growth rate, a high
amount of sunlight is critical. By reducing row spacing widths, the soybean is able to
quickly shade out the row middles with their leaves and limit penetration of sunlight
through that canopy and effectively managing weed seed emergence.
Throughout the years, researchers and growers have experimented with row width
in the control of troublesome weeds as a less herbicide intensive weed management
alternative. Burnside and Collville (1964) found that narrow soybean rows shaded the
ground earlier and enhanced herbicide effectiveness at lower rates by increasing
interference. In their study, the soybean canopy closed sooner in 51-61 cm rows than in
81 cm-1 m rows, so when herbicides suppressed early weed growth, less weed biomass
was produced in narrow rows than in wide rows.
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Howe and Oliver (1987) observed that in conventional row soybean, yields were
reduced as much as 50 percent with competition from pitted morningglory but the
narrow-row soybean yields were not significantly reduced when compared to soybean
grown alone without competition. They also reported that at lower pitted morningglory
densities, narrow-row soybean were much more competitive than in conventional-row
soybean. From this study, they concluded that the greater leaf area index (LAI) of
narrow-row soybean accounted for the difference in competitiveness. Norsworthy et al.
(2007) stated that narrowing row widths from 97-19 cm enhanced soybean
competitiveness, resulting in less sicklepod survival throughout the growing season.
Narrow-row soybean also reduced sicklepod fecundity compared to conventional wide
row soybean.
When used in reduced herbicide programs, narrow-row soybean are an effective
weed management system. This alternative reduces reliance on herbicide use and also
allows for more soybean plants per square meter to be planted. Mickleson and Renner
(1997) agrees with this assessment by stating that narrowing soybean row widths reduces
herbicide input costs while maintaining effective weed control.
UPCOMING TRAIT TOLERANT CROP TECHNOLOGIES
Currently with the acquisition of seed companies by chemical companies, there
has been a push for increased link of tolerant traits to crops as was seen in GT-crops. This
is the wave of the future, as previously stated, the discovery and production of new
herbicide mode-of-actions are more costly than developing new genetically modified
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crops tolerant to existing non-selective herbicides. Among these new crop technologies
which will be available in the near future upon regulatory approval is Roundup Ready 2
Xtend™ soybean which was developed by Monsanto. This new seed technology has
tolerance to both glyphosate and dicamba herbicides by combining the dicamba tolerance
trait with Genuity® Roundup Ready® 2 Yield technology (glyphosate tolerant). This new
technology promises higher soybean yields and allows growers in-season use of dicamba
in their weed management program. Roundup Ready® Xtend herbicide is a pre-mixture
of dicamba and glyphosate that will be available for application over the top of dicambatolerant soybean.
Another new crop technology awaiting regulatory approval is Dow Agroscience’s
Enlist™ weed control system. This trait technology introduced tolerance to 2,4-D and
glyphosate herbicide to the soybean. This will allow for the use of their new herbicide,
Enlist Duo™ which features Colex-D™ Technology including glyphosate and 2,4-D
choline for control of troublesome weeds including glyphosate resistant weeds.
The introduction of these two new crop technologies will provide new
mechanisms for control of herbicide-resistant and hard to control weeds by the use of two
modes-of-action which will help provide superior resistance management by applying
multiple herbicide modes-of-action.
Auxinic herbicide mechanism of action
Both dicamba and 2,4-D are characterized as systemic herbicides (Behrens et al.,
2007). These types of herbicides work by translocation of the active molecules of the
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herbicide to sites not directly contacted with the herbicide spray solution. When foliarly
applied, the herbicides translocate from older more mature leaves to the areas of the plant
that are actively using greater amounts of energy. Systemic herbicides are very effective
on perennials and annuals because the molecules are actively translocated to the root and
shoot growing points, rhizomes, tubers, bulbs and reproductive structures. The primary
mode of translocation with systemic herbicides is in xylem (apoplast) or phloem
(symplasts) ( DiTomaso, 2002).
These herbicides are predominately foliar active and applied over the top of
susceptible plants. The herbicide enters the plant through the open stomata, leaf cracks,
and cuticle. The cuticle has the largest surface area of the 3 and is the most important
means of herbicide entry into the leaf. The cuticle is a thin waxy layer that protects the
leaf surface from gas and water loss. The outer layer of the cuticle wax is very lipophilic
and non-polar which makes it difficult for the penetration of polar herbicides. Non-polar
herbicides such as esters are able to diffuse across the cuticle and easily enter the leaf.
However, the majority of these herbicides are polar and need to be mixed with surfactants
to penetrate the waxy cuticle. Many growth regulator herbicides are applied in amine
formulations to facilitate diffusion across the waxy cuticle. Once in the plant, the
herbicide encounters the cell wall but because the cellulose of the cell wall is very porous
both polar and non-polar herbicides are able to easily move across (DiTomaso, 2002).
Auxin-type herbicides disrupt plant growth hormones (IAA) that regulate plant
growth and differentiation. The initial response to plants to auxin treatment particularly in
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dicamba and 2,4-D can be categorized into 2 phases. First there is a fast response,
characterized by rapid acidification and loosening of the cell wall. The second phase of
the response occurs 30-45 minutes after treatment and involves the synthesis of nucleic
acids (DiTomaso, 2002). The abnormal stimulation of cell division by synthetic auxin
treatment, in conjunction with the rapid cell wall loosening response, leads to
uncontrolled growth and eventual collapse of the vascular tissues. A characteristic
twisting symptom known as epinasty occurs following treatment with all “auxinic-like”
herbicides. This response is the result of an auxin-induced stimulation in ethylene
production (DiTomaso, 2002).
Dicamba
Dicamba (3,6-dichloro-2-methoxybenzoic acid)is a widely used, low cost
environmentally friendly, growth regulating herbicide with low soil persistence and
little or no toxicity to wildlife and humans (Behrens et al., 2007). Dicamba has been used
for more than 45 years to effectively control broadleaf weeds in corn, right-of-ways and
lawns. Dicamba is formulated under several trade names including Banvel, Diablo,
Oracle, Vanquish and Clarity. Dicamba mimics the effect of excess quantities of natural
plant hormone indole-3 acetic acid (IAA).
The genetically engineered bacterial gene DMO (Dicamba monooxygenase) that
encodes a Rieske nonheme monooxygenase capable of inactivating dicamba when
expressed from either the nuclear genome or chloroplast genome of transgenic plants.
The DMO enzyme acts to nullify the herbicidal activity of dicamba before it can build up
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toxic levels in dicamba treated transgenic plants. The soil bacterium Pseudonomas
maltophilia (strain D1-6) converts dicamba to 3-6-dichlorosalicylic (DCSA) a compound
that lacks herbicidal activity (Behrens et al, 2007).
Despite its widespread use for the past 45 years, dicamba resistance in noxious
and economically important weeds has yet to be discovered. However, kochia (Kochia
scoparia L.) was discovered with resistance to dicamba in 1994. One possible mechanism
of resistance that dicamba may act on some if not all of the IAA receptors that are
essential in controlling normal growth and development of plants. If this is so, the
appearance of new dicamba-resistant weeds may not happen readily (Behrens et al,
2007).
2,4-D
2,4-D (2,4-dichlorophenoxyacetic acid) is also classified as an “auxin-like”
growth regulating herbicide. It mimics auxin and shows about the same symptoms of
epinasty and stem cell over-proliferation as observed with dicamba. Both herbicides
exhibit the same mode-of-action but 2,4-D was developed much earlier than dicamba.
2,4-D was developed in the mid-1940s and was the first widely used herbicide to control
broadleaf plants and has significantly contributed to modern weed control in agriculture.
Currently, it is the most widely used herbicide in the world and the third most commonly
used in the United States. In addition to 2,4-D acid itself, there are eight salts and esters
of 2,4-D with the most common form being the acid form and is typically applied as an
amine salt. Various formulations of 2,4-D are marketed under several trades names
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including Trillion, Weedar 64, Killex and Weed B Gon Max. 2,4-D is commonly used for
weed control in lawns, no-till burndowns, grass hayfields and pastures.
A bacterial substrate of the aryloxyal kanoate dioxygenase enzyme (AAD) is the
transgene that is responsible for the breakdown and degradation of 2,4-D in tolerant
soybean.. The AAD-12 gene that was incorporated into the 2,4-D-tolerant soybean acts
on pyridyloxyacetate auxin herbicides, such as triclopyr and fluroxypyr along with 2,4-D
(Wright et al, 2010).
These 2 new crop technologies will make it possible to ease the control of GRweeds along with other hard to control weeds in grower’s fields. However, a major issue
with both of these herbicides is their ability to drift and injure crops in adjacent fields.
Both Monsanto and Dow Agrosciences are currently working on new low volatile
formulations of dicamba and 2,4-D. In addition, if neighboring crops are not tolerant to
either dicamba or 2,4-D, then severe injury may occur. Therefore, a less volatile
formulation of 2,4-D and dicamba is essential before the release of these new
technologies.
As the release date of these two new soybean technologies nears, growers will
now be able to control weeds and also help prevent or slow down the evolution of
resistant weeds by using modes-of-action in their weed management practices. However,
the potential for resistance to dicamba and 2,4-D is possible if these herbicides are
misused like glyphosate because growers are most concerned with their bottom line.
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CHAPTER TWO
EVALUATION OF 2,4-D BASED HERBICIDE PROGRAMS FOR WEED
CONTROL IN 2,4-D TOLERANT SOYBEAN
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ABSTRACT
Palmer amaranth (Amaranthus palmeri S. Watson), pitted morningglory [Ipomoea
lacunosa (L.)] and large crabgrass [Digitaria sanguinalis (L.) Scop.] are troublesome
weeds found in soybean production fields in South Carolina. The recent evolution of
herbicide resistant weeds has made it increasingly difficult for growers to actively control
weeds in fields. Dow AgroSciences, in response to those concerns, will be releasing the
Enlist™ Weed Control System, which will introduce a new crop technology with
tolerance to 2,4-D and glyphosate. In 2012 and 2013, field experiments were conducted
near Blackville, SC to evaluate 2,4-D based herbicide programs for weed control in
soybean. Overall, all herbicide treatments were effective in controlling weeds 2 weeks
after second post emergence (POST2). Palmer amaranth was the easiest to control while
pitted morningglory was the most difficult. The 2,4-D plus glyphosate pre-mixture was
excellent in controlling all 3 weeds with at least 95% control at POST2. In these
treatments, rates (1.09 kg ae ha-1 or 1.64 kg ae ha-1) didn’t have a significant difference in
control despite it being increased. There was a decrease in pitted morningglory control 3
weeks after preemergence application (PRE) in 2012 vs 2013 in plots treated with smetolachlor and fomesafen because of a lack of soil moisture after treatment, which is
needed for herbicide activation which wasn’t observed in 2013 due to wet soil condition
at application. Results from this study showed that all treatments evaluated provided
good to excellent control for the 3 weed species observed. Therefore, glyphosate + 2,4-D
choline will provide excellent control of troublesome broadleaf weeds in soybean.
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INTRODUCTION
A weed can be defined as a wild plant growing where it isn’t wanted and is in
competition with cultivated plants. Weeds usually demonstrate aggressive and vigorous
growth habits and compete with crops for sunlight, water, nutrients along with other
resources (DiTomasso and Healy, 2007). Weed control is typically accomplished
mechanically or chemically. Chemical control of weeds is achieved with herbicides;
which are substances that are toxic to plants and are used to destroy vegetation. A method
of herbicide classification is by its mode of action, which is the way in which the
herbicide controls the susceptible plants (Grossmann, 2009). Mode of action describes
the biological process or enzyme in the plant that the herbicide interrupts, affecting
normal growth and development. The mode of action may also refer to the injury
symptoms seen on the susceptible plants (Grossmann, 2009).
With the large success of Roundup® Ready soybean at its introduction in 1996,
growers were able to make single post-emergence applications of glyphosate to fields to
control weeds (Reddy, 2001). The extensive use of glyphosate in glyphosate-resistant
soybean resulted in extremely high selection pressure, leading to the evolution of
glyphosate-resistant genotypes (Green et al., 2008). Weed control methods should always
be proactive and never be static to remain effective. Static weed control will eventually
lead to weeds being able to circumvent any single control method (Shaner, 2000).
Herbicide-resistant weeds become a problem when growers rely on a single herbicide
mode of action over several years; which was the problem with glyphosate use over the
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years. By stacking two or more herbicide modes of action, growers may be able to
control the increasing occurrence of the “super weeds” which show resistance to
glyphosate and ALS-inhibiting herbicides. However, most growers do not manage
resistant weeds until they become a major problem in their fields (Beckie, 2006).
Glyphosate and ALS-resistant Palmer amaranth (Amaranthus palmeri S. Watson)
biotypes continue to be of concern in South Carolina and the southeastern United States.
Dow Agrosciences is currently developing new soybean crop technologies including 2,4D tolerance to help control troublesome, glyphosate-resistant weeds, such as Palmer
amaranth. The Enlist™ Weed Control System introduces tolerance to 2,4-D (2,4dichlorophenoyacetic acid) by the soybean. This was achieved when the company
successfully inserted genes into the soybean that allows the plant to metabolize 2,4-D.
The Enlist™ soybean will also contain resistance to glyphosate and glufosinate (Johnson
et al., 2012).
Along with the new crop technology, Dow Agrosciences will also introduce Enlist
Duo™, a new herbicide technology featuring Colex-D™ Technology which is a
premixture glyphosate and 2,4-D choline. The new choline formulation provides ultralow volatility, minimized potential for drift, lower odor and better handling
characteristics than commercially available 2,4-D amine or ester formulations on the
market today (Johnson et al., 2012)
The new formulation of 2,4-D called 2,4-D choline was developed due to the offtarget damage potential due to volatilization and subsequent vapor drift (Strachan et al.,
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2010). Wolf et al. (1993) documented that up to 16% of spray solution can physically
drift from the intended application area. Therefore, growers must be careful when
applying these new herbicide technologies to avoid injury to sensitive crops in adjacent
fields. The particle drift potential of any 2,4-D formulation depends on type of nozzle
used. Nozzle selection becomes critical whenever “auxin-like” herbicides are being
applied, the finer the droplets, the greater the ability for them to move to unintended
areas. Nozzles that provide coarser size droplets will minimize the issue of 2,4-D drift
and subsequent crop injury in adjacent fields. However application instruction, including
nozzle types, time of day of application along with other ways to mitigate drift injury will
be accompanied with the new herbicides technologies to help reduce misuse by growers
and commercial applicators.
The release of the new Enlist soybean will help growers deal with troublesome
weeds which impact crop yields. Glyphosate and glufosinate will continue to play a role
in this new technology to control other weeds present in fields. A proactive approach to
weed control is critical; this will slow down or prevent the selection of resistant weed
biotypes. The objective of this research was to evaluate the efficacy of 2,4-D-based
herbicide programs in 2,4-D tolerant soybean for the control of Palmer amaranth, large
crabgrass and pitted morningglory.
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MATERIALS AND METHODS
Field experiments were conducted on a Dothan loamy sand (pH of 6 and organic matter
of 2.1%), ( fine-loamy, siliceous, thermic Plinthic Paleudults), at the Edisto Research and
Education Center (EREC) in Blackville, SC in 2012 and 2013 to evaluate 2,4-D based
herbicide programs for weed control in 2,4-D tolerant soybean. Soybean ‘978-HT-SOYMR’ was seeded 2.5 cm deep on 27 Jun 2012 and Asgrow ‘7502’ was seeded 2.5 cm
deep on 1 Jul 2013, in conventionally-tilled soil at 20 seeds m-1 using an Almaco cone
plot planter. Plots dimensions were two rows wide and 9.4 m long. A non-2,4-D tolerant
soybean variety was used in 2013 due to lack of availability of the transgenic variety
from Dow AgroSciences.
The study was arranged in a randomized complete block design with 8 treatments
and 3 replications and included an untreated check treatment. The herbicide treatments,
timing and rates evaluated are presented in Table 2-1. Herbicides were applied in water
using CO2 pressurized back pack sprayer which delivered 140 L ha-1 at 235 kPa via a four
nozzle boom fitted with a Turbo Teejet® 11002 Induction Flat Fan spray nozzle (Teejet,
Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60189) at a ground speed of 5 km h1

. Weather conditions at time of treatment application were taken and are listed in Table

2-2.
Preemergence (PRE) treatments applied shortly after planting. Postemergence 1
(POST1) treatments were applied when Palmer amaranth, pitted morningglory, and large
crabgrass ranged from 5 to 10 cm tall and POST2 treatments occurred 14 days after
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POST1 application. Percent visual control weed ratings were collected 3 weeks after PRE
application, 2 weeks after POST1 application and 2 weeks after POST2 application.
Weed control and soybean injury were visually assessed at each rating interval on a scale
of 0% to 100%, where 0% represents no weed control or crop injury and 100% represents
complete control and total crop death. Weed species counts were collected by randomly
tossing a 0.4 m2 quadrat down the middle of the 2 treated rows and each weed species
present was identified and counted. By request of Dow Agrosciences, soybean was
destroyed before entering the R1 reproductive stage to prevent reproduction of the
regulated soybean variety; therefore, yield data was not collected in either year.
Percent visual weed control and weed population counts were analyzed using
PROC GLM procedure in SAS (SAS 9.2, SAS® Institute Inc. Cary, NC). Herbicide
treatments and years were considered fixed effects in the model while replication was
considered random effects. Control and species counts were combined over trial years if
no significant treatment by year interaction were observed, whenever treatment by year
interaction occurred the data was presented for each trial year (Tables 2-4 & 2-5).All
means were separated using Fisher’s Protected LSD at P≤ 0.05.
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RESULTS AND DISCUSSION
The study showed varying degrees of significance for treatment, year and
treatment by year across all rating periods. Whenever a significant treatment by year
interaction occurred, the data were presented separately by trial year, if no significant
treatment by year interaction occurred then the data was presented as an average of
control for both trial years. In the data presented, the control parameters for untreated
check treatments will not be considered on treatment significance. There was no
significant soybean injury observed (data not shown).
Palmer amaranth
Palmer amaranth control across 3 rating periods (3 weeks after PRE, 3 WAP; 2
weeks after POST1, 2WAP 1; 2 weeks after POST2, 2 WAP2) varied very slightly
;however, at all rating times there were significant differences among treatments (Table
2-4). Overall, there were no significant treatment by year for Palmer amaranth so each
rating time was considered and control was averaged for both years.
A PRE treatment of sulfentrazone + cloransulam-methyl followed by a second
post-emergence (POST2) application of fomesafen + glyphosate provided 100% Palmer
amaranth control at all rating times. Fomesafen plus s-metolachlor which proved to be the
most effective PRE treatment providing 98% and 99% control in s-metolachlor +
fomesafen at PRE followed by glyphosate at POST2 (treatment 2) and s-metolachlor +
fomesafen at PRE followed by glyphosate + 2,4-D choline at POST2 (treatment 4)
respectively 3 weeks after PRE (WAP). There were two treatments that didn’t contain a
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PRE application but consisted of a POST1 and POST2 application of 2,4-D choline salt
and glyphosate at 1.64 kg aeha-1 for treatment 5 and 1.09 kg ae ha-1 for treatment 8. At 2
weeks after POST1 (2 WAP1) and 2 WAP2 both treatments showed no statistical
differences with 98% or better Palmer amaranth control. Overall, Palmer amaranth was
easily controlled by all the treatments evaluated.
Pitted morningglory
There was greater variability observed in pitted morningglory control among
treatments compared to Palmer amaranth. There was an overall significant difference on
treatments across rating periods (Table 2-4). In addition, a treatment by year interaction
was observed for pitted morningglory. Sulfentrazone + cloransulam-methyl PRE
followed by fomesafen + glyphosate provided the best pitted morningglory control in
both 2012 and 2013 among all rating times, with the lowest control of 98% at time of
rating. In 2013, sulfentrazone + cloransulam at PRE followed by glufosinate at POST2
(treatment 3), sulfentrazone + cloransulam at PRE followed by glyphosate + 2,4-D
choline + glufosinate at POST2 (treatment 6) and sulfentrazone + cloransulam-methyl at
PRE followed by fomesafen + glyphosate at POST2 (treatment 7) provided 100% pitted
morningglory control (Table 2-4). In 2013, 2,4-D choline salt and glyphosate at 1.64 kg
ae ha-1 and 1.09 kg ae ha-1 both showed a 5% decrease in control from 100% at 2 WAP1
to 95% at 2 WAP2 (Table 2-4). As was observed in Palmer amaranth, the two applied
rates of the experimental combination of 2,4-D choline salt and glyphosate showed no
significant differences in control of pitted morningglory.
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In 2012 s-metolachlor plus fomesafen wasn’t an effective PRE treatment with
52% control in treatment 2 and 83% control in treatment 4 at 3 WAP. The control then
declined to 23% and 67% for treatments 2 and 4, respectively at the 2 WAP1 (Table 2-4).
However, in 2013 the same treatment combination provided 100% control 3 WAP. This
difference in treatment by year may be attributed to a number of factors including
weather conditions at time of application. Both treatments 2 and 4 contained smetolachlor and fomesafen which are preemergence herbicides which require soil
moisture for activation and soil condition in 2012 at the time of application were dry
(Table 2-2). In addition, 2012 had a drier growing season compared to 2013 especially
during June and July (Figure 2-1). Differences in pitted morningglory populations
between years may have caused the treatment by year interaction.
Fomesafen and s-metolachlor applied PRE followed by 2,4-D choline salt and
glyphosate provided better pitted morningglory control than glyphosate alone. In 2012
when s-metolachlor + fomesafen was followed by a POST2 application of glyphosate,
there was a 39% increase in control from 23% at 2 WAP1 to 62% at 2 WAP2 (Table 24). Within the same treatment in 2013 there wasn’t a significant difference in control.
Also when s-metolachlor + fomesafen was followed by glyphosate plus 2,4-D choline at
POST2, there was an increase of 33% in control from 67%, 2 WAP1 to 100%, 2 WAP2
in 2012. Vencil et al. (1995) found that control of Ipomoea spp. by soil applied herbicides
was very inconsistent, this is similar to our results with treatments applied 3 WAP in
2012 (Table 2-4). Elmore et al. (1990) stated that postemergence herbicides are generally
more effective on Ipomoea spp.
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Large crabgrass
Large crabgrass control was consistent across all treatments and rating timings.
Overall, significant differences among treatments were observed for all rating (Table 25). Also, there was a significant treatment by year interaction 2 WAP1 (Table 2-6). On
the other two rating dates (3 WAP and 2 WAP2) no treatment by year interaction was
observed (Table 2-6). Therefore, data were combined across years. All PRE treatments
provided excellent crabgrass control, averaging about 98%. Levels of control did not vary
among the PRE applied treatments 3 WAP; however, s-metolachlor plus fomesafen was
the only PRE treatment to have the same or an increase in control 2 WAP1.
At the 2 WAP1, there were control differences among treatments with the trial
year showing 5 levels of significance among treatments in 2012. However, the identical
rating date in 2013 showed no differences among treatments in levels of large crabgrass
control. This treatment by year interaction maybe attributed to differences in soil
moisture or weed pressure.
As seen with Palmer amaranth and pitted morningglory, there were no significant
differences among treatments in levels of large crabgrass control when plots were treated
with the experimental mix of 2,4-D choline salt and glyphosate at rates of 1.64 kg ae ha-1
and 1.09 kg ae ha-1 (treatments 5 and 8 respectively). This is similar to the results from
Culpepper et al. (2001) who didn’t notice any significant differences in control when
glyphosate was tank mixed with 2,4-DB. In 2012 at 2 WAP1, the PRE application of
sulfentrazone + cloransulam-methyl provided 83% control of large crabgrass, showing a
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15% decrease from 98% at 3 WAP rating period. In 2013 at the same rating date, in the
same treatment, there wasn’t a difference in control 3 WAP and 2 WAP1.
This research showed that it takes a minimum of two herbicide applications to
control palmer amaranth, pitted morningglory and large crabgrass in soybean. A
management regime including a PRE application followed by a POST treatment was very
effective in controlling all the weed species. PRE treatments required soil moisture for
activation and optimum control and the lack of soil moisture in 2012 may have led to
some of the interactions of treatment by year observed in pitted morningglory control for
treatments 2 and 4. In the treatments without any PRE applications, there wasn’t any
control at the first rating date; however, POST1 and POST2 applications of 2,4-D choline
and glyphosate provided almost complete control at subsequent rating dates. Herbicide
application volume didn’t seem to have an impact on control in treatments consisting
only of 2,4-D choline salt and glyphosate.
Palmer amaranth was the most easily controlled weed of the three weed species
studied here. Pitted morningglory was the hardest to control and exhibited the most
variation in control as evidenced by the treatment by year interactions. 2,4-D, being a
broadleaf herbicide would be expected to provide no control of large crabgrass; however,
glyphosate as a tank mix partner with 2,4-D provided excellent control of large crabgrass.
The upcoming Enlist Duo™ herbicide (2,4-D choline salt and glyphosate) is labeled for
no more than two POST applications which need to be done when weeds are small. In
this study due to the lack of a PRE application of 2,4-D choline salt plus glyphosate there
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were many weeds present at the first rating date. These weeds, although effectively
controlled by the POST1 application, may have been able to compete with the soybean
and consequently cause minor yield losses. However, since this was a regulated
genotype, plant destruction before flowering was requested by the seed company.
Nonetheless, Enlist Duo™ was on par with treatments that had a PRE application
followed by a POST.

38

LITERATURE CITED
Beckie, H. J.2006. Herbicide-resistant weeds: management tactics and practices. Weed
Technology 20:793–814.
Culpepper, A. S., Gimenez, A. E., York, A. C., Batts, R. B., & Wilcut, J. W. (2001).
Morningglory (Ipomoea spp.) and Large Crabgrass (Digitaria sanguinalis) Control
with Glyphosate and 2, 4-DB Mixtures in Glyphosate-Resistant Soybean (Glycine
max). Weed Technology 15(1): 56-61
DiTomaso, J.M. and E.A. Healy. 2007. Weeds of California and other western states,
Vol. 1 & 2. Publication 3488. Oakland, CA: University of California Agriculture
and Natural Resources.
Elmore, C. D., Hurst, H. R., & Austin, D. F. (1990). Biology and control of morningglory
(Ipomoea spp.). Reviews of Weed Science, 5, 83-114.
Green, J. M., Hazel, C. B., Forney, D. R., and L. M Pugh.2008. New multiple‐herbicide
crop resistance and formulation technology to augment the utility of
glyphosate. Pest Management Science 64: 332-339.
Grossmann, K. (2009) Auxin herbicides: Current status of mechanism and mode of
action. Pest Management Science 66: 113-120
Johnson, W. G, Legleiter, T. R., Whitford, F., and B. P Weller. 2012. 2,4-D and dicamba
tolerant crops-Some facts to consider. Purdue University Cooperative Extension
Service. http://www.extension.purdue.edu/extmedia/ID/ ID-453-W.pdf. Accessed:
February 26, 2014.
Reddy, K. N. 2001. Glyphosate‐resistant soybean as a weed management tool:
Opportunities and challenges. Weed Biology and Management 4: 193-202.
Robinson, A. P., Davis, V. M., Simpson, D. M., and W. G Johnson. 2013. Response of
soybean yield components to 2, 4-D. Weed Science, 61: 68-76.
Shaner, D. L. 2000. The impact of glyphosate-tolerant crops on the use of other
herbicides and on resistance management. Pest Management Science 56: 320-326.
Strachan, S. D., Casini, M. S., Heldreth, K. M., Scocas, J. A., Nissen, S. J., Bukun, B.,
and G. Brunk. 2010. Vapor movement of synthetic auxin herbicides:
aminocyclopyrachlor, aminocyclopyrachlor-methyl ester, dicamba, and
aminopyralid. Weed science 58: 103-108.

39

Thompson, M. A., Steckel, L. E., Ellis, A. T., and T. C Mueller. 2007. Soybean tolerance
to early preplant applications of 2, 4-D ester, 2, 4-D amine, and dicamba. Weed
technology 21: 882-885.
Vencill, W. K., Wilcut, J. W., & Monks, C. D. (1995). Efficacy and economy of weed
management systems for sicklepod (Senna obtusifolia) and morningglory
(Ipomoea spp.) control in soybean (Glycine max). Weed technology, 456-461.
Wolf, T. M., Grover, R., Wallace, K., S. R. Shewchuk, and J. Maybank. 1993. Effect of
protective shields on drift and deposition characteristics of field sprayers. Can. J.
Plant Science. 73:1261-1273.

40

2012 & 2013 Rainfall Amounts
350

300

Precipitation (mm)

250

200
2012
2013

150

100

50

0
May

June

July

August

September

Figure 2-1. Rainfall amounts for May to September 2012 and 2013 at Edisto REC,
Blackville, SC
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Table 2-1. Herbicide treatments, application timing and rates for 2,4-D based herbicide weed
control program evaluation in 2012 and 2013
Trt # Treatmenta

Timingb Ratec

Trade Name

kg ai ha-1
or
kg ae ha-1
1 Untreated Check
2 s-metolachlor + fomesafen
glyphosate

PRE
POST2

1.48
0.84

Prefix
Durango DMA

3 sulfentrazone + cloransulam-methyl
glufosinate

PRE
POST2

0.28 + 0.04
0.59

Spartan + FirstRate
Liberty

4 s-metolachlor + fomesafen
glyphosate + 2,4-D choline

PRE
POST2

1.48
1.64

Prefix
GF-2726

5 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline

POST1
POST2

1.64
1.64

GF-2726
GF-2726

6 sulfentrazone + cloransulam-methyl
PRE
glyphosate + 2,4-D choline + glufosinate POST2

0.28 + 0.04
1.64 + 0.59

Spartan + FirstRate
GF-2726 + Liberty

7 sulfentrazone + cloransulam-methyl
fomesafen + glyphosate

PRE
POST2

0.28 + 0.04
0.42 + 0.84

Spartan + FirstRate
Flexstar + Durango
DMA

8 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline

POST1
POST2

1.09
1.09

GF-2726
GF-2726

a

All POST treatments included ammonium sulfate at 2.5 % v/v
Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted morningglory,
and large crabgrass; POST2, 2 weeks after POST1
c
Active ingredients (ai) rate used for s-metolachlor, fomesafen, sulfentrazone,
cloransulum-methyl, glufosinate. Acid equivalent (ae) rate used for 2,4-D choline and
glyphosate
b
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Table 2-2 Weather conditions at time of treatment application for 2,4-D based herbicide weed
control program evaluation trials in 2012 and 2013

Application Date
Application Time
Application Method
Application Timing
Air Temperature (0C)
% Relative Humidity
Wind Velocity (km/h)
Soil Temperature (0C)
Soil Moisture
% Cloud Cover

A
6/27/2012
1:30 PM
SPRAY
PRE
30.3
36.8
2.1
34.5
DRY
0

Application timing
B
C
7/18/2012
8/3/2012
10:45 AM
11:15 AM
SPRAY
SPRAY
POST1
POST2
31.8
33.4
45.7
60.4
1
1.7
31.3
30.6
DRY
WET
25
10

Application timing
A
B
C
Application Date
7/1/2013
7/15/2013
7/30/2013
Application Time
1:30 PM
9:00 AM
9:30 AM
Application Method
SPRAY
SPRAY
SPRAY
Application Timing
PRE
POST1
POST2
0
Air Temperature ( C)
29.1
26.4
28.5
% Relative Humidity
68.3
79.8
69.4
Wind Velocity (km/h)
0.0
3.2
0.0
0
Soil Temperature ( C)
29.4
26.2
26.3
Soil Moisture
WET
WET
DRY
% Cloud Cover
100
100
75
*Abbreviations: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted
morningglory, and large crabgrass; POST2, 2 weeks after POST1
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Table 2-3 Palmer amaranth (AMAPA) percent visual control and population counts as affected by herbicides in 2012 and 2013
Trt #

Treatmenta

Timingb

Ratec
kg ai ha-1 or
kg ae ha-1

1 Untreated Check
2 s-metolachlor + fomesafen
glyphosate

3 sulfentrazone + cloransulam-methyl
glufosinate

4 s-metolachlor + fomesafen
glyphosate + 2,4-D choline

5 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline
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6 sulfentrazone + cloransulam-methyl
glyphosate + 2,4-D choline + glufosinate

7 sulfentrazone + cloransulam-methyl
fomesafen + glyphosate

8 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline

AMAPA controld
3 WAP
2 WAP1 2 WAP2
__________________

%__________________

AMAPA counts
plants m-2

0b

0b

0b

22 a

PRE
POST2

1.48
0.84

98 a

98 a

99 a

0b

PRE
POST2

0.28 + 0.04
0.59

99 a

98 a

99 a

0b

PRE
POST2

1.48
1.64

99 a

100 a

100 a

0b

POST1
POST2

1.64
1.64

---

98 a

100 a

0b

PRE
POST2

0.28 + 0.04
1.64 + 0.59

99 a

98 a

99 a

0b

PRE
POST2

0.28 + 0.04
0.42 + 0.84

100 a

100 a

100 a

0b

POST1
POST2

1.09
1.09

---

100 a

98 a

1b

a

All POST treatments included ammonium sulfate at 2.5 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth; POST2, 2 weeks after POST1

c

Active ingredients (ai) rate used for s-metolachlor, fomesafen, sulfentrazone, cloransulum-methyl, glufosinate Acid equivalent
(ae) rate used for 2,4-D choline and glyphosate.
d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns
with no common letter (s) are significantly different according to Student's t-test at P=0.05

Table 2-4 Pitted morningglory (IPOLA) percent visual control ratings and population counts as affected by herbicide treatments in 2012 and 2013
Trt #

Treatmenta

Timingb

Ratec
3 WAP
kg ai ha-1 or
kg ae ha-1

glyphosate

3 sulfentrazone + cloransulam-methyl
glufosinate

4 s-metolachlor + fomesafen
glyphosate + 2,4-D choline
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5 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline

8 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline
a

2012

2013

2012

2013

2012

0d

0d

0d

0d

0d

0d

13 b

PRE
POST2

1.48
0.84

52 c

100 a

23 c

97 a

62 c

98 ab

7c

PRE
POST2

0.28 + 0.04
0.59

98 a

100 a

97 a

100 a

100 a

100 a

0d

0d

PRE
POST2

1.48
1.64

83 b

100 a

67 b

97 a

100 a

100 a

0d

0d

POST1
POST2

1.64
1.64

---

---

100 a

100 a

100 a

95 b

0d

2d

0.28 + 0.04
1.64 + 0.59

98 a

100 a

97 a

100 a

100 a

100 a

0d

0d

PRE
POST2

0.28 + 0.04
0.42 + 0.84

100 a

100 a

98 a

100 a

98 ab

100 a

0d

0d

POST1
POST2

1.09
1.09

---

---

98 a

100 a

98 ab

95 b

1d

2d

PRE
glyphosate + 2,4-D choline + glufosinate POST2
fomesafen + glyphosate

2013

plants m-2

2013
22 a
1d

6 sulfentrazone + cloransulam-methyl
7 sulfentrazone + cloransulam-methyl

IPOLA counts
2 WAP2

_________________________%____________________________

2012

1 Untreated Check
2 s-metolachlor + fomesafen

IPOLA controld
2 WAP1

All POST treatments included ammonium sulfate at 2.5 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm pitted morningglory; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for s-metolachlor, fomesafen, sulfentrazone, cloransulum-methyl, glufosinate Acid equivalent (ae) rate
used for 2,4-D choline and glyphosate.
c

d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns
with no common letter (s) are significantly different according to Student's t-test at P=0.05

Table 2-5 Large crabgrass (DIGSA) percent visual control and population counts as affected by herbicide treatments in 2012 and 2013
Trt #

Treatmenta

Timingb

Ratec
3 WAP
kg ai ha-1 or
kg ae ha-1

1 Untreated Check
2 s-metolachlor + fomesafen
glyphosate

3 sulfentrazone + cloransulam-methyl
glufosinate

4 s-metolachlor + fomesafen
glyphosate + 2,4-D choline

5 glyphosate + 2,4-D choline
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glyphosate + 2,4-D choline

8 glyphosate + 2,4-D choline
glyphosate + 2,4-D choline
a

%_____________________

plants m-2

0b

2012
0f

2013
0f

0b

22 a

1.48
0.84

98 a

98 a

100 a

100 a

0b

PRE
POST2

0.28 + 0.04
0.59

98 a

93 bc

100 a

98 a

1 b

PRE
POST2

1.48
1.64

98 a

93 bc

100 a

100 a

0b

POST1
POST2

1.64
1.64

---

92 cd

98 a

99 a

0b

0.28 + 0.04
1.64 + 0.59

99 a

97 b

100 a

98 a

0b

PRE
POST2

0.28 + 0.04
0.42 + 0.84

98 a

83 e

98 a

100 a

0b

POST1
POST2

1.09
1.09

---

88 d

98 a

98 a

1b

PRE
glyphosate + 2,4-D choline + glufosinate POST2
fomesafen + glyphosate

_____________________

DIGSA counts
2 WAP2

PRE
POST2

6 sulfentrazone + cloransulam-methyl
7 sulfentrazone + cloransulam-methyl

DIGSA controld
2 WAP1

All POST treatments included ammonium sulfate at 2.5 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm large crabgrass; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for s-metolachlor, fomesafen, sulfentrazone, cloransulum-methyl, glufosinate. Acid equivalent (ae) rate
used for 2,4-D choline and glyphosate

c

d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns

with no common letter (s) are significantly different according to Student's t-test at P=0.05

Table 2-6. Palmer amaranth, pitted morningglory and large crabgrass ANOVA tables for 2,4-D Study in 2012 and 2013.
Palmer amaranth
Source
trt
year
trt*year

DF
7
1
7

SS
88515
8
25

3 WAP
MS
F Value
12645 3034.79
8
2.00
4
1

Pr > F
<.0001
0.1683
0.5512

DF
7
1
7

SS
51533
33
33

2 WAP1
MS
F Value
7362 2674.16
33
12.11
5
1.73

Pr > F
<.0001
0.0017
0.1425

DF
7
1
7

SS
51891
1
29

2 WAP2
MS
F Value Pr > F
7413 2033.29 <.0001
1
0.14
0.7083
4
1.12
0.3772

DF
7
1
7

SS
80241
501
3845

3 WAP
MS
F Value
11463 621.22
501
27.12
549
29.77

Pr > F
<.0001
<.0001
<.0001

DF
7
1
7

SS
51650
2408
7050

2 WAP1
MS
F Value
7379 590.29
2408 192.67
1007
80.57

Pr > F
<.0001
<.0001
<.0001

DF
7
1
7

SS
50475
169
1906

2 WAP2
MS
F Value Pr > F
7211 1113.93 <.0001
169
26.07
<.0001
272
42.07
<.0001

DF
7
1
7

SS
87033
33
42

3 WAP
MS
F Value
12433 3094.52
33
8.30
6
1.48

Pr > F
<.0001
0.0075
0.2143

DF
7
1
7

SS
48400
469
240

2 WAP1
MS
F Value
6914 1010.09
469
68.48
34
5.00

Pr > F
<.0001
<.0001
0.0009

DF
7
1
7

SS
51429
13
66

2 WAP2
MS
F Value Pr > F
7347 1299.25 <.0001
13
2.30
0.1404
9
1.67
0.157

Pitted morningglory
Source
trt
year
trt*year
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Large crabgrass
Source
trt
year
trt*year



Abbreviations: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2.

CHAPTER THREE
EVALUATION OF DICAMBA BASED HERBICIDE PROGRAMS FOR WEED
CONTROL IN DICAMBA TOLERANT SOYBEAN
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ABSTRACT
Palmer amaranth (Amaranthus palmeri S. Watson), pitted morningglory [Ipomoea
lacunosa (L.)] and large crabgrass [Digitaria sanguinalis (L.) Scop.] are troublesome
weeds present in South Carolina soybean production fields. The relatively recent
evolution of herbicide-resistant weeds has made control of these weeds more difficult. In
response to this problem, Monsanto Company will be releasing Roundup® Xtend, a new
crop technology which will introduce crops with tolerance to dicamba and glyphosate. A
new low volatility formulation of dicamba premixed with glyphosate is one of the keys to
the success of this technology. In 2012 and 2013 field experiments were conducted at the
Edisto Research and Education Center near Blackville, SC to evaluate dicamba based
herbicide programs for weed control in dicamba tolerant soybean. Dicamba PRE
followed by glyphosate plus dicamba POST1 provided excellent control in all 3 weed
species (>97%), at 2 weeks after the first post emergence application (2 WAP1). In
general, dicamba alone PRE was not as effective as flumioxazin alone PRE when rated 2
weeks after the second post emergence (2 WAP2). No differences were detected among
treatments applied 3 times compared to those applied twice. Generally all treatments with
at least 1 POST application provided adequate control of all 3 weeds. The studies showed
flumioxazin PRE followed by glyphosate, dicamba mix at POST1 and POST2 as the
most effective treatment for controlling Palmer amaranth and large crabgrass with 100%
and 99% control respectively, when rated 2 WAP2. Overall, Palmer amaranth was the
easiest weed to control across all treatments and the dicamba plus glyphosate premixture
POST application provided excellent control for all 3 weeds species.

49

INTRODUCTION
As the world’s population increases, there is an increasing pressure upon the
farmers to produce enough food and fiber for the world today. In the modern day, farmers
have looked to researchers to develop better crop cultivars that are superior to the
traditional landrace or heirloom strains that have been cultivated before modern
agriculture. These crop breeding advances allowed for an increased crop production
manifold that’s economically viable (Tharayil-Santhakumar, 2004). Among these
breeding advances was the development of higher yielding crops which allowed farmers
to plant on the same acreage with greater yield. Along with these breeding advances,
researchers were also able to develop herbicides which helped crop yield by eliminating
competing weeds. It hasn’t all been a great success for modern agriculture, along with the
advantage of weed control that the introduction of herbicides brought, it eventually led to
the disadvantage of the evolution of herbicide resistant weeds. This has become a major
issue in all forms of agriculture today, especially in row crops.
Herbicide resistance is the inherited ability of a plant to survive and reproduce
following exposure to a dose of herbicide that would normally be lethal to the wild type.
Resistance may occur naturally due to selection or it may be induced through such
techniques as genetic engineering (Prather et al., 2000). There are currently427 unique
cases of herbicide resistant weeds globally, with 232 species (137 dicots and 95
monocots). Weeds have evolved resistance to 22 of the 25 known herbicide sites of
action and to 152 different herbicides (Heap, 2014). The sheer gravity of the problem
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became apparent in 1997 when South Carolina reported Palmer amaranth (Amaranthus
palmeri S. Watson) with resistance to acetolactase synthase (ALS) inhibitors. Less than
10 years later, in 2006 the state reported the appearance of glyphosate-resistant Palmer
amaranth and in 2010, Palmer amaranth was reported with multiple resistance to
glyphosate and ALS-inhibiting herbicides (Heap, 2014).
Palmer amaranth along with large crabgrass [Digitaria sanguinalis (L.) Scop.]
and pitted morningglory [Ipomoea lacunosa (L.)] are some of the most hard to manage
weeds in soybean fields in South Carolina (Norsworthy, 2003). The discovery of
glyphosate and ALS-resistant Palmer amaranth biotypes has made its control a major
issue and the biotechnology companies have been scrambling to find solutions for the
growers to combat this new weed threat.
Monsanto has developed a genetically modified soybean in which they introduced
a gene that allows the crop to metabolize dicamba. Dicamba (3,6-dichloro-2methoxybenzoic acid) is a widely used, low cost environmentally friendly herbicide that
doesn’t persist in soils and shows little or no toxicity to wildlife and humans (Behrens et
al., 2007). Dicamba is also a growth regulator that mimics a plant hormone (IAA) and
causes the over-proliferation of plant cells, ultimately leading to death. The new crop
technology will be called Roundup Ready 2 Xtend™ Soybean and upon regulatory
approval will be the first soybean technology with tolerance to both dicamba and
glyphosate herbicides. This new soybean technology will provide growers with more
consistent, flexible weed control on especially tough to manage and glyphosate resistant
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weeds. According to reports by Monsanto, the Roundup Ready 2 Xtend™ Soybean will
offer increased yield potential compared to the Roundup Ready 1 event.
Auxin-like growth regulating herbicides like dicamba are notorious for their offtarget movement due to volatilization and subsequent vapor drift (Strachan et al., 2010).
Monsanto has collaborated with BASF in developing low volatility formulations of
dicamba that will limit the injury caused by volatilization from the treated area to
adjacent crops by off-target drift. Upon regulatory approval Monsanto will release
Roundup® Xtend herbicide that is a premix of the new low volatility formulation of
dicamba and glyphosate. This product will be introduced together with the tolerant
varieties offering soybean growers the convenience of flexibility in their herbicide
application programs.
This new soybean technology has the potential of becoming as popular as its
predecessor from Monsanto, Roundup Ready® soybean. Dicamba tolerance was a good
choice to build this new crop technology around because despite dicamba’s widespread
use to control broadleaf weeds for the last 45 years, no new noxious and economically
important dicamba-resistant weeds have appeared with the recent exception of Kochia
scoparia (L.) (Heap, 2014). By stacking 2 modes of action in the new Roundup® Xtend
herbicide, growers will be able to effectively control glyphosate and ALS-resistant
Palmer amaranth while helping prevent evolution of new resistant biotypes of weeds
present in their fields. Moreover, the ability to use either dicamba, glyphosate or both
herbicides before planting or at selected periods during crop development will allow
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growers excellent weed control with greater flexibility in their crop management
practices (Behrens et al., 2007). A proactive approach to weed control is critical; this will
slow down or prevent the selection of resistant weed biotypes. The objective of this
research was to evaluate the effect of a dicamba based preemergence (PRE) and
postemergence (POST) programs in dicamba tolerant soybean for the control of Palmer
amaranth, large crabgrass and pitted morningglory.
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MATERIALS AND METHODS
Field experiments (study 1 and study 2) were conducted on a Dothan loamy sand,
(fine-loamy, siliceous, thermic Plinthic Paleudults), at the Edisto Research and Education
Center (EREC) located near Blackville, SC in 2012 and 2013 to evaluate dicamba based
herbicide programs for weed control in dicamba tolerant soybean. Soybean variety
‘GM_A2205’ (Monsanto Company 800 N. Lindbergh Blvd. St. Louis, MO) was seeded
on 26 Jun 2012 and soybean variety ‘GM_A92205’ (Monsanto Company 800 N.
Lindbergh Blvd. St. Louis, MO) was seeded on 20 Jun 2013 in a conventionally-tilled
seed bed at 20 seeds m-1 using an Almaco cone plot planter. The same soybean variety
was used for Study 2 in 2013. All studies were two rows wide and 9.4 m long.
Study 1 was arranged in a randomized complete block design with 16 treatments
including an untreated check and 3 replications. Study 2 was arranged in a randomized
complete block design with 11 treatments which included an untreated check and 3
replications. The herbicide treatments, timing and rates evaluated are listed in Table 3-1
(study 1) and 3-2 (study 2). Treatments were applied in water with a CO2 pressurized
back pack sprayer which delivered 140 L ha-1 at 235 kPa via a four nozzle boom fitted
with a Turbo Teejet® 11002 Induction Flat Fan spray nozzle (Teejet, Spraying Systems
Co., P.O. Box 7900, Wheaton, IL 60189) at a ground speed of 5 km h-1. Weather
conditions at the time of treatment application were taken and are listed in Table 3-3
(study 1) and 3-4 (study2).
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In both studies, PRE applications were done shortly after planting, POST1
applications were done when Palmer amaranth, pitted morningglory, and large crabgrass
were 5 to10 cm tall and POST2 applications occurred 14 days after POST1 application.
Percent visual weed control ratings were observed at 3 weeks after PRE application, 2
weeks after POST1 application and 2 weeks after POST2 application. Weed control and
crop injury were visually assessed at each rating interval on a scale of 0% to 100%,
where 0% represents no weed control or crop injury and 100% represents complete
control or total crop death. Weed species counts were taken by randomly tossing a 0.4 m2
quadrat down the middle of the 2 treated rows and then each weed species present within
the quadrat was identified and counted. By request of Monsanto Company, soybean was
destroyed before entering the R1 reproductive stage to prevent reproduction of the
regulated soybean variety; therefore, yield data was not collected in either year.
Weed visual control and population counts were analyzed using PROC GLM
procedure in SAS (SAS 9.2, SAS® Institute Inc. Cary, NC). In study 1 herbicide
treatments and year were considered fixed effects in the model while replication was
considered random. Control and species counts were combined over trial years if no
significant treatment x year interaction were observed, whenever treatment x year
interaction occurred the data was presented for each trial year. All means were separated
using Fisher’s Protected LSD at the P≤ 0.05.
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RESULTS AND DISCUSSION
STUDY 1
Significant differences in treatments for all rating times and varying degrees of
significance for year and treatment by year parameters were observed for all rating
periods. When significant treatment by year interactions were observed data form that
rating period was presented separately according to trial year. When no significant
differences were observed for treatment by year, the data was presented as an average
control of both trial years. In the data presented the untreated check treatments wasn’t
considered to have an effect on treatment significance and wasn’t discussed. There was
no significant soybean injury observed (data not shown).
Palmer amaranth
All treatments were very effective on Palmer amaranth control with exception of
treatment 1 (Table 3-5). There was significant treatment by year interaction at 2 WAP1
and 2 WAP2 (Table 3-11), all treatments showed significant differences across all rating
dates (Table 3-5). Treatments 1 to 7 (Table 3-1) had dicamba at a rate of 1.12 kg ae ha-1
as a PRE application compared to treatments 8 to 15 which had flumioxazin at a rate of
0.07 kg ai ha-1 as the only PRE application. There were no significant differences in
control at 3 WAP with dicamba or flumioxazin treatments PRE; however, when applied
alone there were significant differences at all 3 rating periods. Flumioxazin provided
better residual control than dicamba when applied PRE and rated at 2 WAP1 and
2WAP2. Flumioxazin alone PRE provided 99% Palmer amaranth control 3 WAP, 100%
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Palmer amaranth control at 2 WAP1 and 2 WAP2. Han et al (2002) performed a similar
study and reported that at a rate of 0.7 kg ai ha-1 flumioxazin effectively controlled
Amaranthus retroflexus, with about 88% control efficacy. Dicamba alone PRE in 2013
showed 60% control 2 WAP2 and only 27% control in 2012 2 WAP2, which was also
observed in a study conducted by Johnson et al (2010) where they noted that a PRE
application of dicamba alone provided < 60% control of Palmer amaranth and
morningglory spp.
Dicamba PRE followed by glyphosate and dicamba POST 1 provided excellent
Palmer amaranth control with 99% control 3 WAP and 100% control for both trial years
at 2 WAP1 and 2 WAP2. Treatments containing 3 applications (PRE, POST1 and
POST2) all had 100% Palmer amaranth control 2 WAP2. In 2012, acetochlor plus
glyphosate plus dicamba tank mix slightly reduced Palmer amaranth control from 100%
to 97% at the 2 WAP2. All treatments containing flumioxazin PRE showed better
residual Palmer amaranth control 2 WAP2 with 100% control compared to treatments
without a flumioxazin. Treatment 15 was the only 2 application treatment (flumioxazin
PRE followed by POST1 of glyphosate + s-metolachlor plus fomesafen) not containing
dicamba that provided 100% Palmer amaranth control 3 WAP, in 2012 and 2013, 2
WAP1 with 100% and 98% respectively and 2 WAP2 with 100% control for both years.
Pitted morningglory
There was a significant treatment by year interaction at the 2 WAP1 and 2 WAP2
rating times (Table 3-11); therefore, data were presented separately. In addition, there
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was an overall significant difference in treatments at all rating times (Table 3-6). Pitted
morningglory showed more variation in control compared to Palmer amaranth. Overall
the 2012 trial year exhibited lower control ratings among the same treatments compared
to 2013; however, the majority of treatments showed no significant differences in control
between the two trial years at 2 WAP1 and 2 WAP2.
Dicamba performed well at 3 WAP with 92% control versus 83% control for
flumioxazin. In 2012, 2 WAP1, dicamba PRE alone provided 28% pitted morningglory
control, in 2013 at the same rating date and with the same treatment control was at 63%.
Flumioxazin displayed a similar decrease in control 2 WAP2 in 2012 with 48% pitted
morningglory control. Niekamp (1998) noted that flumioxazin, while being a good
preemergence herbicide in broadleaf weeds, showed very inconsistent control of
morningglory spp.
Treatments consisting of three herbicide applications (PRE, POST1 and POST2)
offered good to excellent pitted morningglory control; however, they were slightly less
effective overall than observed in Palmer amaranth. Dicamba PRE followed by
glyphosate + dicamba mixture POST1 and glyphosate plus dicamba mix POST2
(treatment 6), dicamba PRE followed by glyphosate plus dicamba mix + acetochlor +
fomesafen POST1 (treatment 7), flumioxazin PRE followed by dicamba plus glyphosate
mix + dicamba POST1 and glyphosate plus dicamba mix POST2 (treatment 12),
flumioxazin PRE followed by glyphosate plus dicamba mix + acetochlor + dicamba
POST1 and dicamba POST2 (treatment 13) and flumioxazin PRE followed by glyphosate
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plus dicamba mix + acetochlor + fomesafen + dicamba POST1 and glyphosate plus
dicamba mix POST2 (treatment 14), final control reading 2 WAP2 varied among the
treatments with a minimum of 92% control and maximum of 100% control.
As was observed in Palmer amaranth with treatment 15 (flumioxazin PRE
followed by POST1 of glyphosate + s-metolachlor plus fomesafen), the only two
treatments not containing dicamba, 100% control was observed 3 WAP and 2 WAP2. In
2012, 2 WAP1 control was at 88% and in 2013, at the same rating period, there was
100% control. No clear differences were observed in the flumioxazin PRE treatments
compared to the dicamba PRE treatments like was observed in Palmer amaranth.
Large crabgrass
There were significant differences in treatment by year interaction at 2 WAP1
(Table 3-11); therefore, data were presented by year. In addition there were significant
differences in treatments among rating dates. Large crabgrass displayed the greatest
variation in treatment control due to the fact that flumioxazin or dicamba are weak on
grass weed species. Han et al (2010) observed 63% control in grass weeds when
flumioxazin was applied at PRE. Treatments containing flumioxazin PRE offered better
overall control 2 WAP2 no matter if there were two or three postemergence herbicide
applications compared to treatments with a dicamba PRE. In the PRE alone, flumioxazin
provided higher large crabgrass control at 98% 3 WAP, 97% and 90% 2 WAP1 in 2012
and 2013, respectively, and 89% 2 WAP2. The dicamba PRE alone had 30% control at 3
WAP, 18 % and 23% 2 WAP1 in 2012 and 2013, respectively, and 16% control 2 WAP2.
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Flumioxazin PRE followed by glyphosate plus s-metolachlor plus fomesafen
POST1 provided 99% large crabgrass 3 WAP also 2 WAP2 and 100% in 2012 and 85%
in 2013 2 WAP1. No significant differences were observed between treatments receiving
one POST application versus two POST applications 2 WAP2; however, percent visual
control across the two POST application treatments performed slightly better in
controlling large crabgrass than the one POST timing with flumioxazin PRE followed by
glyphosate + s-metolachlor plus fomesafen POST2 (treatment 15) being the exception
(Table 3-6)
STUDY 2
There were significant statistical differences among treatments for all weed
species at all rating dates. All PRE treatments were highly efficacious on Palmer
amaranth (100%) at 2 WAP1. Flumioxazin PRE followed by dicamba plus glyphosate
POST1 provided similar results as Flumioxazin PRE followed by dicamba plus
glyphosate POST1 followed by dicamba plus glyphosate POST2. Very little differences
were noted among treatments with regard to Palmer amaranth control. A final species
population count of 21 Palmer amaranth plants m-2 confirmed the study had significant
pressure.
Pitted morningglory control varied among treatments compared to Palmer
amaranth and differences were observed between treatments. No PRE treatment provided
100% pitted morningglory control, dicamba plus acetochlor PRE treatment provided the
lowest pitted morningglory control with 87% 3 WAP. All POST1 treatments offered
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excellent control of pitted morning glory (100%) 2 WAP1 except for flumioxazin PRE
followed by dicamba plus glyphosate mix POST 1 and POST2 (treatment 3) (Table 3-8).
Glyphosate plus thifensulfuron-methyl provided 100% control 2 WAP1; however,
residual control decreased by 7% to 93% 2 WAP2. The POST1 and POST2 application
of glyphosate plus dicamba (soon to be marketed as Roundup® Xtend), provided pitted
morningglory control with 97% and 98% control 2 WAP1 and 2 WAP2, respectively.
Overall, one POST application provided similar levels of pitted morningglory control as
two POST applications. A species count of 24 pitted morningglory plants m-2, 2 WAP2
illustrated significant weed pressure in study plots.
Large crabgrass again proved to be the most difficult weed species to control,
overall significance existed among treatments at all rating periods. Flumioxazin PRE
followed by dicamba plus glyphosate POST1 provided less control than flumioxazin PRE
followed by dicamba plus glyphosate POST1followed by dicamba plus glyphosate
POST2 2 WAP1, When the dicamba plus glyphosate is used as a POST1 application
there was a lack of a residual effect on control with drops from 100% to 90% in
flumioxazin PRE followed by dicamba plus glyphosate mix POST1 (treatment 2) and
100% to 86% in dicamba + acetochlor PRE followed by dicamba plus glyphosate mix
(treatment 6). No significant differences were observed between treatments containing
dicamba plus glyphosate compared to the treatments not containing the mix.
These research studies demonstrate how effective different dicamba based
herbicide programs are on troublesome weeds in South Carolina. Dicamba alone, when
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applied PRE wasn’t as effective on overall weed control compared to flumioxazin alone
PRE. This can be attributed to the high water solubility of dicamba and its rapid loss in
the soil profile. Dicamba PRE followed by a dicamba plus glyphosate provided excellent
control of all three weed species in the studies and was one of the best treatments in
control of all weeds evaluated.
It was generally observed in treatments evaluated that those containing 2
applications were similar in effectiveness as those containing 3 applications. This is a
way of being more efficient and will be able to benefit growers who use those program
by cutting down on an extra herbicide application. The least overall control was observed
with the application of dicamba PRE alone and the other treatment with just one POST
application timing also didn’t do as well as the treatments with at least 2 application
times. Non-dicamba containing treatments did exhibit excellent weed control for all 3
weed species. In general Palmer amaranth was the easiest weed to control and large
crabgrass was the most difficult.
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Figure 3-1. Rainfall amounts from May to September 2012 and 2013 at Edisto REC,
Blackville, SC.
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Table 3-1. Study 1 herbicide treatments, application timing and rates for dicamba based herbicide weed control program evaluation in 2012 and 2013
Treatment

Timinga

Rateb
kg ai ha-1 or kg ae ha-1

Trade Name

1
2

dicamba
dicamba
glyphosate + dicamba

PRE
PRE
POST1

1.12
1.12
1.68

Clarity
Clarity
MON 76754

3

dicamba
glyphosate + dicamba + acetochlor

PRE
POST1

1.12
1.68 + 1.26

Clarity
MON 76754 + Warrant

4

dicamba
glyphosate + dicamba + acetochlor + fomesafen

PRE
POST1

1.12
1.68 + 1.26 + 0.34

Clarity
MON 76754 + Warrant + Flexstar

5

dicamba
glyphosate + dicamba + dicamba
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 0.56
1.68

Clarity
MON 76754 + Clarity
MON 76754

6

dicamba
glyphosate + dicamba + acetochlor
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26
1.68

Clarity
MON 76754 + Warrant
MON 76754

7

dicamba
glyphosate + dicamba + acetochlor + fomesafen
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26 + 0.34
1.68

Clarity
MON 76754 + Warrant + Flexstar
MON 76754

8

flumioxazin

PRE

0.07

Valor SX

Trt #
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a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted morningglory, and large crabgrass; POST2, 2 weeks after POST1

c

Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and
glyphosate

Table 3-1. Study 1 herbicide treatments, application timing and rates for dicamba based herbicide weed control program evaluation in 2012 and 2013
(continued)
Treatment

Timinga

Rateb
kg ai ha-1 or kg ae ha-1

Trade Name

flumioxazin
glyphosate + dicamba + dicamba

PRE
POST1

0.07
1.68 + 0.56

Valor SX
MON 76754 + Clarity

10

flumioxazin
glyphosate + dicamba + dicamba + acetochlor

PRE
POST1

0.07
1.68 + 0.56 + 1.26

Valor SX
MON 76754 + Clarity + Warrant

11

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
flumioxazin
glyphosate + dicamba + dicamba
glyphosate, dicamba

PRE
POST1
PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26 +
0.34
0.07
1.68 + 0.56
1.68

Valor SX
MON 76754 + Clarity + Warrant +
Flexstar
Valor SX
MON 76754 + Clarity
MON 76754

13

flumioxazin
glyphosate + dicamba + dicamba + acetochlor
dicamba

PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26
0.56

Valor SX
MON 76754 + Clarity + Warrant
Clarity

14

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
glyphosate + dicamba
flumioxazin
glyphosate + s-metolachlor, fomesafen

PRE
POST1

0.07
1.68 + 0.56 + 1.26 +
0.34
1.68
0.07
1.12 + 1.49

Valor SX
MON 76754 + Clarity + Warrant +
Flexstar
MON 76754
Valor SX
Roundup PowerMAX + Prefix

Trt #
9

12
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15
16

POST2
PRE
POST1

Untreated Check

a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted morningglory, and large crabgrass; POST2, 2 weeks after POST1

c

Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and
glyphosate

Table 3-2. Herbicide treatments, application timing and rates for dicamba based herbicide weed control program evaluation in Study 2.
Trt # Treatment
1
2
3

4
5

6
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7
8
9
10
11
a

Untreated Check
flumioxazin
dicamba + glyphosate
flumioxazin
dicamba + glyphosate
dicamba + glyphosate
flumioxazin
dicamba + glyphosate+ acetochlor
flumioxazin
dicamba + glyphosate+ acetochlor
dicamba + glyphosate
dicamba + acetochlor
dicamba + glyphosate
acetochlor + metribuzin
dicamba + glyphosate
flumioxazin
glyphosate + fomesafen + acetochlor
s-metolachlor + fomesafen
glyphosate + lactofen
s-metolachlor + metribuzin
glyphosate + acifluorfen
chlorimuron + flumioxazin + thifensulfuron
glyphosate + thifensulfuron methyl

Timinga

Rateb
Trade Name
-1
-1
kg ai ha or kg ae ha

PRE
POST1
PRE
POST1
POST2
PRE
POST1
PRE
POST1
POST2
PRE
POST1
PRE
POST1
PRE
POST1
PRE
POST1
PRE
POST1
PRE
POST1

0.07
1.68
0.07
1.68
1.68
0.07
1.68 + 1.27
0.07
1.68 + 1.27
1.68
0.56 + 1.27
1.68
1.27 + 0.28
1.68
0.07
0.84 + 0.42 + 1.27
1.49
0.84 + 0.22
1.63
0.84 + 0.42
0.12
0.84 + 0.01

Valor SX
MON 76832
Valor SX
MON 76832
MON 76832
Valor SX
MON 76832 + Warrant
Valor SX
MON 76832 + Warrant
MON 76832
MON 119096 + Warrant
MON 76832
Warrant + Metribuzin
MON 76832
Valor SX
Roundup PowerMAX + Flexstar + Warrant
Prefix
Roundup PowerMAX + Cobra
Boundary
Roundup PowerMAX + Ultra Blazer
Envive
Roundup PowerMAX + Harmony SG

Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted morningglory, and large crabgrass; POST2, 2 weeks
after POST1
b
Active ingredients (ai) rate used for flumioxazin, acetochlor, s-metolachlor, acifluorfen, fomesafen, metribuzin, chlorimuron,
thifensulfuron. Acid equivalent (ae) rate used for dicamba and glyphosate
.

Table 3-3. Weather conditions at time of treatment application Study 1 trials in 2012 and
2013a

Application Date
Application Time
Application Method
Application Timing

Application timing
B
D
7/18/2012
8/3/2012
10:00 AM
11:15 AM
SPRAY
SPRAY
POST1
POST2

A
6/26/2012
10:00 AM
SPRAY
PRE

Air Temperature (0C)
% Relative Humidity
Wind Velocity (km/h)

27.3
43.3
1.0

31.2
57.3
1.3

33.4
60.4
1.8

Soil Temperature (0C)
Soil Moisture
% Cloud Cover

27.5
DRY
0

28.4
DRY
0

30.5
WET
10

Application Date
Application Time
Application Method
Application Timing
Air Temperature (0C)
% Relative Humidity
Wind Velocity (km/h)

Application timing
B
7/22/2013
2:00 PM
SPRAY
POST1

A
6/20/2013
4:00 PM
SPRAY
PRE
32.0
49.3
4.2

32.5
61.2
2.9

D
8/2/2013
9:30 AM
SPRAY
POST2
25.8
81.1
0.0

Soil Temperature (0C)
33.5
31.2
25.8
Soil Moisture
DRY
DRY
WET
% Cloud Cover
20
10
100
a
Abbreviations: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted
morningglory, and large crabgrass; POST2, 2 weeks after POST1
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Table 3-4. Weather conditions at time of treatment application for Study 2 trial in 2013a

Application Date
Application Time
Application Method
Application Timing
Air Temperature (0C)
% Relative Humidity
Wind Velocity (km/h)

A
6/20/2013
4:30 PM
SPRAY
PRE
32.0
49.3
4.2

Application timing
B
C
7/11/2013
8/2/2013
2:00 PM
9:30 AM
SPRAY
SPRAY
POST1
POST2
33.5
53.4
2.3

25.8
81.1
0.0

Soil Temperature (0C)
33.5
32.0
25.9
Soil Moisture
DRY
DRY
WET
% Cloud Cover
20
15
100
a
Abbreviations: PRE, at planting; POST1, 5-10 cm Palmer amaranth, pitted
morningglory, and large crabgrass; POST2, 2 weeks after POST1
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Table 3-5. Palmer amaranth (AMAPA) percent visual control and population counts as affected by selected herbicide treatments for Study 1 in 2012 and 2013
Trt #

Treatmenta

Timingb

Ratec
kg ai ha-1 or kg ae ha-1

AMAPA controld
AMAPA counts
3 WAP 2 WAP1
2 WAP2
_____________________ _______________________
%
plant m-2
2012 2013 2012 2013 2012 2013
94 b
58 e
72 d 27 d 60 c 18 bc 19 b
99 a
100 a 100 a 100 a 100 a 0 d
0d

dicamba
dicamba
glyphosate + dicamba

PRE
PRE
POST1

1.12
1.12
1.68

3

dicamba
glyphosate, dicamba + acetochlor

PRE
POST1

1.12
1.68 + 1.26

100 a

100 a

100 a

97 b

100 a

0d

0d

4

dicamba
glyphosate + dicamba + acetochlor + fomesafen

PRE
POST1

1.12
1.68 + 1.26 + 0.34

99 a

98 ab

100 a

95 b

100 a

1d

0d

5

dicamba
glyphosate + dicamba + dicamba
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 0.56
1.68

99 a

100 a

100 a

100 a

100 a

0d

0d

6

dicamba
glyphosate + dicamba + acetochlor
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26
1.68

99 a

100 a

100 a

100 a

100 a

0d

0d

7

dicamba
glyphosate + dicamba + acetochlor + fomesafen
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26 + 0.34
1.68

99 a

100 a

100 a

100 a

100 a

0d

0d

8

flumioxazin

PRE

0.07

99 a

100 a

100 a

100 a

100 a

0d

0d
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1
2

a

All POST treatments included non-ionic surfactant at 0.25 % v/v
Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth; POST2, 2 weeks after POST1
c
Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and glyphosate
b

d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns with no common letter (s)
are significantly different according to Student's t-test at P=0.05

Table 3-5. Palmer amaranth (AMAPA) percent visual control and population counts as affected by selected herbicide treatments for Study 1 in 2012 and 2013
(continued)
Trt #

Treatmenta

Timingb

Ratec
kg ai ha-1 or kg ae ha-1

9

AMAPA controld
AMAPA counts
3 WAP
2 WAP1
2 WAP2
_____________________ _____________________
%
plant m-2
2012 2013 2012 2013 2012 2013
100 a
100 a 98 ab 100 a 100 a 0 d
0d

flumioxazin
glyphosate + dicamba + dicamba

PRE
POST1

0.07
1.68 + 0.56

10

flumioxazin
glyphosate + dicamba + dicamba + acetochlor

PRE
POST1

0.07
1.68 + 0.56 + 1.26

99 a

100 a

98 ab

100 a

100 a

0d

0d

11

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
flumioxazin
glyphosate + dicamba + dicamba
glyphosate + dicamba

PRE
POST1

99 a

100 a

97 b

100 a

100 a

0d

0d

PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26 +
0.34
0.07
1.68 + 0.56
1.68

99 a

100 a

98 ab

100 a

100 a

0d

0d

13

flumioxazin
glyphosate + dicamba + dicamba + acetochlor
dicamba

PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26
0.56

100 a

100 a

93 c

100 a

100 a

0d

0d

14

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
glyphosate +dicamba

PRE
POST1

99 a

100 a

98 ab

100 a

100 a

0d

0d

POST2

0.07
1.68 + 0.56 + 1.26 +
0.34
1.68

15

flumioxazin
glyphosate + s-metolachlor + fomesafen

PRE
POST1

0.07
1.12 + 1.49

100 a

100 a

98 ab

100 a

100 a

0d

0d

16

Untreated Check

0c

0f

0f

0e

0e

22 a

17 c

12

71
a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and glyphosate

c
d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns with no common letter (s)
are significantly different according to Student's t-test at P=0.05

Table 3-6. Pitted morningglory (IPOLA) percent visual control and population counts as affected by selected herbicide treatments for Study 1 in 2012 and 2013
Trt #

Treatmenta

Timingb

Ratec
3 WAP
kg ai ha-1 or kg ae ha-1

IPOLA Controld

IPOLA counts

2 WAP1
2 WAP2
%_____________________
2012 2013 2012
2013

plant m-2
2012
2013

_____________________

72

1

dicamba

PRE

1.12

92 b

60 e

2

dicamba
glyphosate + dicamba

PRE
POST1

1.12
1.68

99 a

3

dicamba
glyphosate + dicamba + acetochlor

PRE
POST1

1.12
1.68 + 1.26

4

dicamba
glyphosate + dicamba + acetochlor + fomesafen

PRE
POST1

5

dicamba
glyphosate + dicamba + dicamba
glyphosate + dicamba

6

75 d

28 d

63 b

20 ab

11 c

100 a 100 a

97 a

100 a

0.7 fg

0g

99 a

98 ab 100 a

92 a

100 a

3.33 d

0g

1.12
1.68 + 1.26 + 0.34

98 a

98 ab 100 a

92 a

100 a

3 de

0g

PRE
POST1
POST2

1.12
1.68 + 0.56
1.68

98 a

98 ab 100 a

92 a

100 a

2.3 def

0g

dicamba
glyphosate + dicamba + acetochlor
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26
1.68

100 a

100 a 100 a

95 a

100 a

1.3 defg 0 g

7

dicamba
glyphosate + dicamba + acetochlor + fomesafen
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26 + 0.34
1.68

99 a

100 a 100 a

98 a

100 a

0g

0g

8

flumioxazin

PRE

0.07

83 c

77 d

95 a

11.67 c

1 efg

93 abc 48 c

a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm pitted morningglory; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and glyphosate

c
d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns with no common letter (s)
are significantly different according to Student's t-test at P=0.05

Table 3-6. Pitted morningglory (IPOLA) percent visual control and population counts as affected by selected herbicide treatments for Study 1 in 2012 and 2013
(continued)
Trt #

Treatmenta

Timingb

Ratec

IPOLA controld
3 WAP

kg ai ha-1 or kg ae ha-1
9

IPOLA counts

2 WAP1
2 WAP2
_____________________
%
2012 2013
2012
2013

plant m-2
2012
2013

_____________________

73

flumioxazin
glyphosate + dicamba + dicamba

PRE
POST1

0.07
1.68 + 0.56

100 a

100 a 92 bc

97 a

100 a

0g

0g

10

flumioxazin
glyphosate + dicamba + dicamba + acetochlor

PRE
POST1

0.07
1.68 + 0.56 + 1.26

99 a

100 a 90 c

100 a

100 a

0g

0g

11

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen

PRE
POST1

0.07
1.68 + 0.56 + 1.26 +
0.34

99 a

100 a 88 c

100 a

100 a

0g

0g

12

flumioxazin
glyphosate + dicamba + dicamba
glyphosate, dicamba

PRE
POST1
POST2

0.07
1.68 + 0.56
1.68

99.17 a

98 ab 87 c

93.33 a 100 a

1.67 defg

0.33 fg

13

flumioxazin
glyphosate + dicamba + dicamba + acetochlor
dicamba

PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26
0.56

99 a

100 a 90 c

100 a

100 a

0g

1 efg

14

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
glyphosate + dicamba

PRE
POST1

100 a

100 a 93 abc

98 a

100 a

0.33 fg

0g

POST2

0.07
1.68 + 0.56 + 1.26 +
0.34
1.68

15

flumioxazin
glyphosate + s-metolachlor + fomesafen

PRE
POST1

0.07
1.12 + 1.49

100 a

100 a 88 c

100 a

100 a

0.33 fg

0g

16

Untreated Check

0d

0f

0e

0e

22 a

19.7 b

0f

a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm pitted morningglory; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and glyphosate

c
d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns with no common letter (s)
are significantly different according to Student's t-test at P=0.05

Table 3-7. Large crabgrass (DIGSA) percent visual control and population counts as affected by selected herbicide treatments for Study 1 in 2012 and 2013
Trt #

Treatmenta

Timingb

Ratec

DIGSA controld
3 WAP

DIGSA counts

2 WAP1
2 WAP2
%_____________________ plant m-2
2012 2013

kg ai ha-1 or kg ae ha-1

_____________________

74

1

dicamba

PRE

1.12

30 c

18 f

23 f

16 c

18 b

2

dicamba
glyphosate + dicamba

PRE
POST1

1.12
1.68

98 ab

97 ab

97 ab

95 ab

1.7 cd

3

dicamba
glyphosate + dicamba + acetochlor

PRE
POST1

1.12
1.68 + 1.26

99 ab

100 a

98 ab

94 ab

1.7 cd

4

dicamba
glyphosate + dicamba + acetochlor + fomesafen

PRE
POST1

1.12
1.68 + 1.26 + 0.34

97 b

97 ab

93 abc

96 a

0.7 d

5

dicamba
glyphosate + dicamba + dicamba
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 0.56
1.68

97 b

95 ab

95 ab

96 a

0.5 d

6

dicamba
glyphosate + dicamba + acetochlor
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26
1.68

97 b

97 ab

97 ab

96 a

0.5 d

7

dicamba
glyphosate + dicamba + acetochlor + fomesafen
glyphosate + dicamba

PRE
POST1
POST2

1.12
1.68 + 1.26 + 0.34
1.68

99 ab

100 a

93 abc

98 a

0.5 d

8

flumioxazin

PRE

0.07

98 ab

97 ab

90 abc

89 b

2.5 c

a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm large crabgrass; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and glyphosate

c
d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns with no common letter (s)
are significantly different according to Student's t-test at P=0.05

Table 3-7. Large crabgrass (DIGSA) percent visual control and population counts as affected by selected herbicide treatments for Study 1 in 2012 and 2013
(continued)
Trt #

Treatmenta

Timingb

Ratec

DIGSA controld
3 WAP

9

DIGSA counts

2 WAP1
2 WAP2
_____________________
%
plant m-2
2012
2013

kg ai ha-1 or kg ae ha-1

_____________________

flumioxazin
glyphosate + dicamba + dicamba

PRE
POST1

0.07
1.68 + 0.56

99 ab

98 ab

80 cd

98 a

0d

10

flumioxazin
glyphosate + dicamba + dicamba + acetochlor

PRE
POST1

0.07
1.68 + 0.56 + 1.26

100 a

100 a

87 abcd

99 a

0d

11

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
flumioxazin
glyphosate + dicamba + dicamba
glyphosate + dicamba

PRE
POST1

100 a

100 a

75 de

99 a

0.5 d

PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26 +
0.34
0.07
1.68 + 0.56
1.68

98 ab

98 ab

88 abcd

99 a

0.5 d

13

flumioxazin
glyphosate + dicamba + dicamba + acetochlor
dicamba

PRE
POST1
POST2

0.07
1.68 + 0.56 + 1.26
0.56

100 a

100 a

65 e

95 ab

0d

14

flumioxazin
glyphosate + dicamba + dicamba + acetochlor +
fomesafen
glyphosate + dicamba

PRE
POST1

100a

100 a

88 abcd

100 a

0.17 d

POST2

0.07
1.68 + 0.56 + 1.26 +
0.34
1.68

15

flumioxazin
glyphosate + s-metolachlor + fomesafen

PRE
POST1

0.07
1.12 + 1.49

99 ab

100 a

85 bcd

99 a

0.17 d

16

Untreated Check

0d

0g

0g

0d

24.5 a

12

75
a

All POST treatments included non-ionic surfactant at 0.25 % v/v

b

Treatment timing: PRE, at planting; POST1, 5-10 cm large crabgrass; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for acetochlor, fomesafen, flumioxazin and s-metolachlor. Acid equivalent (ae) rate used for dicamba and glyphosate

c
d

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns with no common letter (s)
are significantly different according to Student's t-test at P=0.05

Table 3-8. Palmer amaranth (AMAPA) control and species counts as affected by selected herbicide treatments in Study 2 in 2013.
Trt # Treatment

Timinga

Rateb
kg ai ha-1 or kg ae ha-1

1
2

AMAPA controlc
3 WAP 2 WAP1 2 WAP2
__________________ __________________
%
0c
0b
0b
100 a
100 a
100 a

AMAPA counts
plant m-2

76

Untreated Check
21 a
flumioxazin
PRE
0.07
0b
dicamba + glyphosate
POST 1
1.68
3 flumioxazin
PRE
0.07
100 a
100 a
100 a
0b
dicamba + glyphosate
POST 1
1.68
dicamba + glyphosate
POST 2
1.68
4 flumioxazin
PRE
0.07
98 b
100 a
97 a
1b
dicamba + glyphosate+ acetochlor
POST 1
1.68
5 flumioxazin
PRE
0.07
100 a
100 a
100 a
0b
dicamba + glyphosate+ acetochlor
POST 1
1.68 + 1.27
dicamba + glyphosate
POST 2
1.68
6 dicamba + acetochlor
PRE
0.56 + 1.27
100 a
100 a
98 a
0b
dicamba + glyphosate
POST 1
1.68
7 acetochlor + metribuzin
PRE
1.27 + 0.28
100 a
100 a
97 a
0.3 b
dicamba + glyphosate
POST 1
1.68
8 flumioxazin
PRE
0.07
100 a
100 a
100 a
0b
glyphosate + fomesafen + acetochlor
POST 1
0.84 + 0.42 + 1.27
9 s-metolachlor + fomesafen
PRE
1.49
100 a
100 a
100 a
0b
glyphosate + lactofen
POST 1
0.84 + 0.22
10 s-metolachlor, metribuzin
PRE
1.63
100 a
100 a
97 a
0.3 b
glyphosate + acifluorfen
POST 1
0.84 + 0.42
11 chlorimuron + flumioxazin +
PRE
0.12
100 a
100 a
98 a
0b
thifensulfuron
glyphosate + thifensulfuron methyl
POST 1
0.84 + 0.01
a
Treatment timing: PRE, at planting; POST1, 5-10 cm Palmer amaranth; POST2, 2 weeks after POST1
b
Active ingredients (ai) rate used for flumioxazin, acetochlor, s-metolachlor, fomesafen, acifluorfen, metribuzin, chlorimuron, thifensulfuron.
Acid equivalent (ae) rate used for dicamba and glyphosate
c

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns
with no common letter (s) are significantly different according to Student's t-test at P=0.05

Table 3-9. Pitted morningglory (IPOLA) control ratings and species counts as affected by selected herbicide treatments in Study 2 in 2013.
Trt #

Treatment

Timinga

Rateb

IPOLA controlc
3 WAP
-1

kg ai ha or kg ae ha
1

Untreated Check

2

flumioxazin
dicamba + glyphosate
flumioxazin
dicamba + glyphosate
dicamba + glyphosate
flumioxazin
dicamba + glyphosate + acetochlor
flumioxazin
dicamba + glyphosate + acetochlor
dicamba + glyphosate
dicamba + acetochlor
dicamba + glyphosate
acetochlor + metribuzin
dicamba + glyphosate
flumioxazin
glyphosate + fomesafen + acetochlor
s-metolachlor + fomesafen
glyphosate + lactofen
s-metolachlor + metribuzin
glyphosate + acifluorfen
chlorimuron + flumioxazin + thifensulfuron
glyphosate + thifensulfuron methyl

3

4
5

6

77
7
8
9
10
11
a

PRE
POST 1
PRE
POST 1
POST 2
PRE
POST 1
PRE
POST 1
POST 2
PRE
POST 1
PRE
POST 1
PRE
POST 1
PRE
POST 1
PRE
POST 1
PRE
POST 1

0.07
1.68
0.07
1.68
1.68
0.07
1.68
0.07
1.68 + 1.27
1.68
0.56 + 1.27
1.68
1.27 + 0.28
1.68
0.07
0.84 + 0.42 + 1.27
1.49
0.84 + 0.22
1.63
0.84 + 0.42
0.12
0.84 + 0.01

-1

IPOLA counts

__________________

plant m-2

0d

2 WAP1 2 WAP2
%__________________
0c
0c

24 a

90 abc

100 a

97 ab

0.1 bc

95 ab

97 b

98 a

0c

88 bc

100 a

100 a

0c

92 abc

100 a

100 a

0c

87 c

100 a

97 ab

0c

90 abc

100 a

97 ab

0.2 bc

95 ab

100 a

100 a

0c

92 abc

100 a

98 a

0.2 bc

92 abc

100 a

100 a

0.1 bc

97 a

100 a

93 b

0.9 b

Treatment timing: PRE, at planting; POST1, 5-10 cm pitted morningglory; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for flumioxazin, acetochlor, s-metolachlor, acifluorfen, lactofen fomesafen, metribuzin, chlorimuron,
thifensulfuron. Acid equivalent (ae) rate used for dicamba and glyphosate.
c
Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns
with no common letter (s) are significantly different according to Student's t-test at P=0.05
b

Table 3-10. Large crabgrass (DIGSA) control ratings and species counts as affected by selected herbicide treatments in Study 2 in 2013.
Trt #

Treatment

Timinga

Rateb
kg ai ha-1 or kg ae ha-1

DIGSA controlc
DIGSA counts
3 WAP 2 WAP1 2 WAP2
__________________ __________________
plant m-2
%
0c
0c
0b
27.6 a

1

Untreated Check

2

flumioxazin
dicamba + glyphosate
flumioxazin
dicamba + glyphosate
dicamba + glyphosate
flumioxazin
dicamba + glyphosate+ acetochlor
flumioxazin
dicamba + glyphosate+ acetochlor
dicamba + glyphosate
dicamba + acetochlor
dicamba + glyphosate

PRE
POST 1
PRE
POST 1
POST 2
PRE
POST 1
PRE
POST 1
POST 2
PRE
POST 1

0.07
1.68
0.07
1.68
1.68
0.07
1.68
0.07
1.68 + 1.27
1.68
0.56 + 1.27
1.68

98 ab

100 a

89.8 a

3 bc

100 a

100 a

99 a

0d

100 a

100 a

98 a

0.9 bcd

95 b

100 a

99 a

0.3 d

98 ab

100 a

86 a

3.8 b

7

acetochlor + metribuzin
dicamba + glyphosate

PRE
POST 1

1.27 + 0.28
1.68

100 a

100 a

94 a

1.3 bcd

8

flumioxazin
glyphosate + fomesafen + acetochlor

PRE
POST 1

0.07
0.84 + 0.42 + 1.27

97 ab

100 a

99 a

0.7 bcd

9

s-metolachlor + fomesafen
glyphosate + lactofen
s-metolachlor + metribuzin
glyphosate + acifluorfen

PRE
POST 1
PRE
POST 1

1.49
0.84 + 0.22
1.63
0.84 + 0.42

100 a

100 a

99 a

0.4 cd

100 a

98 b

96 a

0.6 cd

chlorimuron + flumioxazin, thifensulfuron
glyphosate + thifensulfuron methyl

PRE
POST 1

0.12
0.84 + 0.01

100 a

100 a

93 a

1.6 bcd

3

4
5

6

78
10
11
a

Treatment timing: PRE, at planting; POST1, 5-10 cm large crabgrass; POST2, 2 weeks after POST1
Active ingredients (ai) rate used for flumioxazin, acetochlor, s-metolachlor, lactofen, acifluorfen, fomesafen, metribuzin, chlorimuron,
thifensulfuron. Acid equivalent (ae) rate used for dicamba and glyphosate
b

c

Rating timing: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2. Means within columns
with no common letter (s) are significantly different according to Student's t-test at P=0.05

Table 3-11. Palmer amaranth, pitted morningglory and large crabgrass ANOVA tables for Study 1 in 2012 and 2013
Palmer amaranth
Source
trt
year
trt*year

DF
15
1
15

SS
55358
13
33

3 WAP
MS
F Value
3691 1407.78
13
4.87
2
0.84

Pr > F
<.0001
0.0312
0.6297

DF
15
1
15

SS
59574
1
374

2 WAP1
MS
F Value
3972 1143.82
1
0.30
25
7.18

Pr > F
<.0001
0.5859
<.0001

DF
15
1
15

SS
69621
163
1558

2 WAP2
MS
F Value
4641 2155.99
163
75.60
104
48.25

Pr > F
<.0001
<.0001
<.0001

DF
15
1
15

SS
55418
2
235

3 WAP
MS
F Value Pr > F
3695 218.40 <.0001
2
0.14
0.7113
16
0.93
0.5419

DF
15
1
15

SS
55850
104
1746

2 WAP1
MS
F Value
3723 206.41
104
5.77
116
6.45

Pr > F
<.0001
0.0194
<.0001

DF
15
1
15

SS
66875
1584
3991

2 WAP2
MS
F Value
4458
96.40
1584
34.26
266
5.75

Pr > F
<.0001
<.0001
<.0001

DF
15
1
15

SS
76171
1
107

3 WAP
MS
F Value Pr > F
5078 773.80 <.0001
1
0.16
0.6917
7
1.09
0.384

DF
15
1
15

SS
74741
1882
2548

2 WAP1
MS
F Value
4983
71.61
1882
27.04
170
2.44

Pr > F
<.0001
<.0001
<.0001

DF
15
1
15

SS
84238
4
688

2 WAP2
MS
F Value
5616 170.07
4
0.13
46
1.39

Pr > F
<.0001
0.7237
0.1829

Pitted morningglory
Source
trt
year
trt*year

79
Large crabgrass
Source
trt
year
trt*year



Abbreviations: WAP, weeks after PRE; WAP1, weeks after POST1; WAP2, weeks after POST2.

CHAPTER FOUR
THE EFFECT OF PALMER AMARANTH, SICKLEPOD AND PITTED
MORNINGGLORY SIZE ON THE EFFICACY OF 2,4-D, DICAMBA,
GLUFOSINATE AND GLYPHOSATE COMBINATIONS

80

ABSTRACT
Palmer amaranth (Amaranthus palmeri S. Watson), sicklepod [Senna obtusifolia
(L.) Irwin and Barneby] and pitted morningglory [Ipomoea lacunosa (L.)] are the three
most troublesome weeds in soybean fields in South Carolina. They all exhibit very
aggressive growth capabilities and if left uncontrolled in fields will cause significant
reductions in soybean yields. Dicamba and 2,4-D are currently having a resurgence in
usage due to the upcoming introduction of soybean technologies linked with tolerance to
each herbicide. With those technologies on the horizon, these old herbicides when mixed
with glufosinate and glyphosate may offer additional weed control to these nuisance
weeds through herbicide synergism. Greenhouse experiments were conducted in 2013 at
Edisto Research and Education Center near Blackville, SC to evaluate the efficacy of
glyphosate, glufosinate, dicamba and 2,4-D treatments alone and in combination on
Palmer amaranth, sicklepod, and pitted morningglory of selected heights. Results
suggested that glufosinate alone provided the overall best control for all 3 weed species.
Glyphosate alone provided the lowest control of all 3 species at all 4 heights. Synergism
in sicklepod control was noted when treated with glufosinate plus dicamba. As sicklepod
increased in height glufosinate + 2,4-D or dicamba offered the best control compared to
glufosinate alone (90% versus 86% in 20 cm plants and 87% versus 85% in 30 cm plant).
In small Palmer amaranth, decreased control or antagonism was observed when
glyphosate or glufosinate were combined with 2,4-D. The experiment showed that
glufosinate was the overall best treatment and glyphosate was the least effective.
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INTRODUCTION
Dicamba (3,6-dichloro-2-methoxybenzoic acid) and 2,4-D (2,4dichlorophenoyacetic acid) are herbicides that have been used throughout the United
States for more than half a century to control of broadleaf weeds in grass crops. Both
dicamba and 2,4-D are growth regulators and have identical modes of action. These
growth regulating auxin-like herbicides represents the oldest, organic herbicide mode of
action in use today. They control susceptible weeds by mimicking naturally occurring
auxins found in plants. The affected weeds quickly begin to show symptoms, which
include the characteristic twisting of leaves and petioles outward and downward referred
to as epinasty. The weeds also exhibit leaf chlorosis, stem tissue proliferation and
abnormal apical growth (DiTomaso, 2002). The overall result is that of uncontrollable
plant growth that eventually kills the weed. Dicamba and 2,4-D, although popular have
long been scrutinized because of injury to off target plants caused by herbicide drift
(Sciumbato et al, 2004). Those concerns are currently being addresses through lower
volatility formulations of dicamba and 2,4-D.
Glutamine synthesis inhibition is the mode of action used by glufosinate
herbicides. Glufosinate is a non-selective postemergence herbicide that controls weeds by
irreversibly inhibiting the enzyme glutamine synthetase (Wild and Manderscheid, 1984).
Glufosinate injury includes rapid chlorosis of treated tissue followed by necrosis and
ultimate death of affected plants within a few days (Bellinder et al., 1987). Trade names
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for glufosinate include Liberty®. The bar and pat genes have been successfully used in
transferring resistance to glufosinate in some crops including soybean and corn.
Aromatic amino acid synthesis inhibitors is the class of herbicides that glyphosate
is assigned. Glyphosate is a widely used, non-selective, postemergence herbicide.
Glyphosate is a very slow acting herbicide and complete plant death may take up to 2
weeks. Symptoms of affected plants include leaf chlorosis followed by necrosis and
eventually plant death. Trade names for glyphosate include Touchdown® and the
Roundup®.
Palmer amaranth (Amaranthus palmeri S. Watson), sicklepod [Senna obtusifolia
(L.) Irwin and Barneby] and pitted morningglory [Ipomoea lacunosa (L.)] all exhibit
these aggressive growth capabilities. This allows for the weed to grow and set up
dominance in a field by quickly shading out the crops present. Palmer amaranth is
capable of diaheliotropism (solar tracking) which allows the leaves to orient themselves
perpendicular to the rays of the sun thus maximizing light interception and
photosynthesis potential (Ehleringer, 1981). Higher rates of photosynthesis coupled with
diaheliotropism allow Palmer amaranth to accumulate biomass at faster rates than nonsolar tracking plant species (Ehleringer and Forseth, 1980).
Similarly, pitted morningglory uses its high growth rates to affect crop yields in
soybean fields. Its rapid increase in leaf area index causes pitted morningglory to
interfere with soybean yields at early stages of soybean development. Soybean can
compete with pitted morningglory up to 7 weeks after emergence (King and Oliver,
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1989). Along with competition for sunlight and resources, pitted morningglory produces
a unique challenge during harvest due to its vining nature. It increases crop lodging and
interferes with the mechanical harvest of soybean.
With the knowledge of the weed’s growth abilities, timing has become critical in
weed herbicide application programs. Weeds treated at small growth stages are more
easily controlled. However, when treatment is delayed and weeds are much larger at
application, weed size can reduce the efficacy of the herbicide. Growers need to be able
to know when the optimum time for herbicide application according to weed size or
height. Herbicide rates can be increased to compensate for the larger weed sizes. With
2,4-D, plant size is a factor that influences the degree of weed control achieved. Siebert et
al. (2004) observed 100% control of 30 cm red morningglory; however, a 6 to 19%
reduction in control was observed when 2,4-D was applied to 60 cm tall plants. Everitt
and Keeling (2007) observed similar results on horseweed when using 2,4-D on heights
of 10-15 cm tall horseweed versus 25-46 cm tall horseweed.
Herbicide synergism and antagonism are two terms that become important
whenever herbicides are applied together in tank mixture. Growers normally apply two or
more herbicides sequentially or as a tank mixture and the issue of synergism and
antagonism become very important. Synergism is described as the improvement of the
overall weed activity of the herbicide combination compared to the activity of each
herbicide applied individually. Antagonism occurs when the control activity of an
herbicide mixture is reduced compared to each herbicide applied alone (Craigmyle et al,
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2013). Craigmyle et al., (2013) observed when glufosinate and 2,4-D combinations were
applied to 15 cm plants all rates of 2,4-D improved control of common waterhemp
compared to application of glufosinate alone at 0.45 and 0.59 kg ha-1. Herbicide
synergism is a potential weapon for management of herbicide resistant weed biotypes.
Therefore, greenhouse experiments were conducted with two objectives: 1) to
evaluate the efficacy of 2,4-D, dicamba, glyphosate and glufosinate combinations on
selected Palmer amaranth, sicklepod and pitted morningglory heights. 2) to evaluate if
there was a synergistic or antagonistic effect of the herbicides when paired together and
applied to various sizes of Palmer amaranth, sicklepod and pitted morningglory.
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MATERIALS AND METHODS
Greenhouse experiments were conducted at the Edisto Research and Education
Center (EREC) located near Blackville, SC in 2013 to evaluate the efficacy of 2,4-D,
dicamba, glyphosate and glufosinate combinations on varying sizes of Palmer amaranth,
sickle pod and pitted morning glory. All the weeds were planted in 1680 cm3 plastic pots
containing a commercial moisture control potting soil mix. Plants were watered twice
daily by an overhead sprinkler system and fertilized each week with a 24:8:16 (N:P:K)
commercial fertilizer mix. The experiment was repeated in time.
The experimental design was a randomized complete block consisting of 4
replications per treatment. There were 8 herbicide treatments and 1 untreated check
(Table 4-1). The plants were treated when they reached 4 selected heights; 5, 10, 20, and
30 cm heights. Treatments were applied in water with a CO2 pressurized back pack
sprayer which delivered 140 L ha-1 at 206.8 kPa via a single nozzle boom fitted with a
Teejet® 8002 (Teejet, Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60189) flat
fan spray nozzle.
After treatment, plants were returned to an adjacent greenhouse where they
remained for an additional 28 days. After treatment, pots were watered and fertilized the
same as the untreated plants. After 28 days all plants were clipped at the soil level and
placed in paper bags and placed in an industrial drying oven for 3 days. Dry weights of
the plants were collected and the plant biomass was calculated as a percent of control
(untreated check) using the formula:
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% Weed Control = [

. This protocol was repeated

as each weed height was achieved.
The weed biomass data for the two runs of the experiment were collected and
organized by height, run and treatment. Height, treatment and treatment x height
interactions were calculated. Data was analyzed with PROC MIXED procedure using
JMP® Pro 10.0.0 software (product of SAS Institute Inc., Cary, NC). The random effects
were trial and weed type. The fixed effects were herbicide treatment and weed height. All
means were separated using the Student’s t-test at the 0.05 significance level. Due to
significant differences in weed height by treatment and across both trials, data were
analyzed separately.
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RESULTS AND DISCUSSION
There was a significant height by treatment and trial by treatment interaction in
the experiment; therefore, those results will be presented separately.
Pitted morningglory
In trial 1, a significant effect of height and treatment (F10,117 = 2.4256, p= 0.0116)
was observed, trial 2 also indicated a significant effect of height and treatment (F10,117 =
10.2506, p< 0.0001). Across trial 1 and trial 2 at 5cm, glufosinate alone offered the best
weed control with 86% and 97% control, respectively. Glyphosate alone treatments were
less effective with 71% and 95% control, respectively. Glyphosate alone treatment and
dicamba alone treatment and in combination showed a synergistic effect on glyphosate
plus dicamba mixtures (Figure 4-1). In trial 2, the only two treatments; glufosinate alone
and glyphosate alone were significantly different.
At 10 cm height, trial 1 showed no significant differences between treatments.
High variability in the data was observed for glyphosate + dicamba and glufosinate + 2,4D treatments (Figure 4-2). There were differences among treatments in trial 2 where
glufosinate plus dicamba treatment was the most effective with 98% control. Glyphosate
alone treatment was the least effective with 96% control. Glyphosate alone treatment and
2,4-D alone treatment were not significantly different; however, in combination there was
some synergism between the two treatments leading to enhanced morningglory control.
Although there were no significant differences in the two treatments alone and in
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combination, observations indicated an enhancement in control when dicamba was added
to glufosinate versus with each treatment alone.
In 20 cm height pitted morningglory plants during trial 1, no significant
differences among treatments were observed. Glyphosate plus 2,4-D treatment provided
89% pitted morningglory. In trial 2, there were significant differences in treatments and
similar to trial 1, glyphosate + 2,4-D provided 97% pitted morningglory control. The
treatment with the lowest pitted morningglory control was glyphosate alone at 93%.
Although not statistically significant, synergism with glufosinate in combination with
2,4-D was observed with a 1.5% increase in control. Craigmyle et al (2013) similarly
found in 15 cm waterhemp that when glufosinate and 2,4-D were in combination it
improved the control of common waterhemp compared to applications of glufosinate
alone or 2,4-D alone.
In large pitted morningglory plants (30 cm height) during trial 1, glufosinate plus
dicamba was most effective with 86.9% control. Glyphosate alone treatment was
significantly less at 75.9%. Trial 2 showed 3 levels of significant differences among
treatments (Table 4-3). There was only a 1% difference in control between the best and
the worst treatment and also very little variation was observed among the data points for
each treatment. Glufosinate alone was the best treatment at 98% control. For the first time
in all application timings 2,4-D was the least effective in controlling pitted morningglory
at 97%. The combination of glufosinate and 2,4-D enhanced the control of 2,4-D
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compared to 2,4-D alone treatment. Siebert et al (2004) observed as red morningglory
(Ipomoea coccinea L.) heights increased, 2,4-D control decreased between 6-19%.
Palmer amaranth
Overall, ANOVA indicated significance in treatment and height for both trial 1
and trial 2 (F10,117 = 26.5329, p<0.0001) and (F10,117 = 71.5111, p<0.0001) respectively. In
5 cm Palmer amaranth height for trial 1, 2,4-D alone provided 100% control. Slightly
lower, glyphosate plus 2,4-D provided 99% Palmer amaranth control. 2,4-D mixed with
either glufosinate of glyphosate had an antagonistic effect on Palmer amaranth control
with 1 and 2 levels of significance respectively between 2,4-D, glufosinate and
glyphosate alone treatments. In trial 2, statistically there were no significant differences
in treatments also there were very little variability in data points (Table 4-5). Overall,
across both trials, treatments were very effective for small Palmer amaranth with a 1%
difference separating the best and worst controls (100% and 99%).
At the 10 cm height, in trial 1, statistically there were no differences among
treatments. 2,4-D was the most effective at 97% control followed by dicamba at 94%..
Trial 2 showed significant differences across treatments, glufosinate and glyphosate
provided 99% Palmer amaranth control. A synergistic effect was observed with 2,4-D in
combination with glyphosate which improved the control of Palmer amaranth compared
to glyphosate alone treatment. Again as was seen in small Palmer amaranth, all
treatments controlled Palmer amaranth very effectively with a 6% difference between the
treatments across both trials (99% and 94%).
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In midsize Palmer amaranth, (20 cm height) during trial 1, glufosinate alone
provided 98%. In contrast, glyphosate alone provided 94%. Glyphosate in combination
with dicamba had a synergistic effect and improved Palmer amaranth by 3% versus
glyphosate alone treatment. 2,4-D also showed synergism with glyphosate by enhancing
control by 4% compared to glyphosate alone. Trial 2 had no significant differences
among treatments.
Large Palmer amaranth, (30 cm height) in trial 1, glyphosate plus dicamba
provided 92% control ,whereas, dicamba alone provided 84% control. Statistically
dicamba alone and glyphosate alone treatments weren’t significantly different; however,
in combination there was a synergistic overall effect on Palmer amaranth control, with
glyphosate plus dicamba treatment being significantly different than glyphosate alone and
dicamba alone treatments thereby increasing their control by 8%. Trial 2 showed 4 levels
of significant differences across treatments. Glufosinate plus dicamba treatment provided
95% control while the 2,4-D alone treatment provided 91% . 2,4-D when combined with
glufosinate or glyphosate showed synergism and an increase in weed control with an
overall 3% increase in control increase respectively compared to 2,4-D.
Sicklepod
ANOVA for trial 1 indicated significance in height and treatment (F10,117 =
23.3925, p<0.0001), in trial 2 ANOVA also indicated significance in height and treatment
(F10,117 = 33.9983, p<0.0001). In small sicklepod (5 cm height) during trial 1, glyphosate
provided 98% sicklepod control; however, dicamba alone was slightly lower at 96%
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control. Dicamba plus glyphosate had an antagonistic effect on control with a decrease of
2% compared to glyphosate alone. In trial 2, glufosinate was the most effective herbicide
with 97% sicklepod control and glyphosate was lower at 92% control. 2,4-D and dicamba
when combined with glyphosate increased glyphosate control by 3% and 4%,
respectively. Glufosinate was also able to increase 2,4-D efficacy on sicklepod by 4%.
In trial 1 at the 10 cm height, statistically there weren’t any differences among
treatments. Trial 2 showed three levels of significance, glufosinate had the best control
with 96% and glyphosate had the lowest control at 86%. Synergism was observed with
2,4-D + glyphosate treatment which increased sicklepod control by 4% compared to
glyphosate alone treatment.
At the 20 cm height (midsize sicklepod) in trial 1, there were no significant
differences among treatments. Trial 2 had 4 levels of significance among treatments with
glufosinate plus dicamba with 90% having the greatest sicklepod control and 2,4-D
exhibiting the lowest sicklepod control at 66%. Glyphosate increased sicklepod control
when tank mixed with 2,4-D compared to 2,4-D alone treatment. Glufosinate also
showed synergism when combined with 2,4-D by significantly increasing sicklepod
control by 21% versus 2,4-D alone.
Large sicklepod (30 cm height) in trial 1 had no significant differences among
treatments; however, glufosinate alone offered the most effective control at 78%. Trial 2
showed significant differences among treatments. Glufosinate + 2,4-D with 87%
provided the best control of sicklepod ,whereas, glyphosate alone provided 69%.
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Glyphosate exhibited synergistic effects when combined with 2,4-D or dicamba by
increasing sicklepod control by 11% and 14%, respectively, compared to glyphosate
alone. 2,4-D control was also increased by 12% when combined with glufosinate
compared to 2,4-D alone.
The overall results of this experiment indicated that across all application times
(weed heights), the glufosinate alone treatment was the most effective. There was a
statistical difference with weed height across all species; therefore, we can conclude that
weed size does matter when evaluating treatment efficacy. As sicklepod heights
increased, glufosinate mixed with 2,4-D or dicamba provided the best control of all
treatments. The experiment demonstrated synergism when glufosinate applied in
combination with either 2,4-D or dicamba especially on larger weeds. Glyphosate alone
treatment across all application times and weed species was the least effective herbicide
treatment. Glyphosate alone is typically weak on sicklepod and pitted morningglory.
Observations on some large Palmer amaranth and sicklepod plants showed that after
glyphosate treatment, visible signs of application took about 2-3 days which gave the
plant that amount of time to continue accumulating biomass albeit at a stunted rate.
Glyphosate showed varying degrees of synergism with 2,4-D and dicamba where there
were mostly significant differences in treatment when in combination compared to when
glyphosate was applied alone.
An interesting observation may be noted that with both growth regulating
herbicides (dicamba and 2,4-D) but more specifically 2,4-D, when applied to large
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sicklepod plants, there was over proliferation of the woody stem cells which led to
abnormal stem sizes. Twenty-eight days after treatment large sicklepod stems were often
abnormally inflated and larger than untreated check plant stems. This was due to the
effect of the synthetic auxin which stimulates uncontrolled cell growth in treated plants.
This may have also skewed the data related to large sicklepod plants which equates to a
low control rating by 2,4-D alone treatments and to a lower extent dicamba alone
treatments.
The experiment was able to show that glufosinate was the most effective
herbicide treatment for the weeds. Although there was interaction between both trials the
results were clearly able to show some differences in treatments and differences in
treatment x height. A good deal of synergism was observed and some antagonism with
herbicide combinations.
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Table 4-1. Herbicide treatment mixes and spray rates for greenhouse trials.
Trade name

Manufacturer

glyphosate

Ratea
kg ai ha-1 or
kg ae ha-1
0.84

Roundup PowerMax

Monsanto Company, 800 North, Lindberg Ave, St. Louis, MO

glufosinate

0.59

Liberty 280 SL

Bayer Crop Science AG Alfred-Nobel-Str. 50, 40789 Monheim am Rhein,
Germany

dicamba

1.12

Clarity

BASF Corporation, 26 Davis Drive Research Triangle Park, NC

2,4-D

1.12

Low Vol 4 Ester Weed
Killer

3005 Rocky Mountain Ave, Loveland, CO

glyphosate +
dicamba

0.84 +
1.12

Roundup PowerMax +
Clarity

Monsanto Company, 800 North, Lindberg Ave, St. Louis, MO + BASF
Corporation, 26 Davis Drive Research Triangle Park, NC

glyphosate +
2,4-D

0.84 +
1.12

Roundup PowerMax +
2,4-D Ester

Monsanto Company, 800 North, Lindberg Ave, St. Louis, MO + 3005
Rocky Mountain Ave, Loveland, CO

glufosinate+
dicamba

0.59 +
1.12

Liberty 280 SL +
Clarity

Bayer Crop Science AG, Alfred-Nobel-Str.50 40789 Monheim am Rhein,
Germany + BASF Corporation, 26 Davis Drive Research Triangle Park, NC

glufosinate +
2,4-D

0.59 +
1.12

Liberty 280 SL +
2,4-D Ester

Bayer Crop Science AG Alfred-Nobel-Str. 50, 40789 Monheim am Rhein,
Germany + 3005 Rocky Mountain Ave, Loveland, CO

Herbicide
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a

Active ingredients (ai) rate used for glufosinate. Acid equivalent (ae) rates are used for glyphosate, dicamba and 2,4-D.
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Figure 4-1. Pitted morningglory control at various plant heights as affected by selected herbicide treatments in trial 1
*Boxplots within the same plant height not connected by the same letter (s) are significantly different according to the Student’s t-test at
P=0.05 significance level.
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Figure 4-2. Pitted morningglory control at various plant heights as affected by selected herbicide treatments in trial 2
*Boxplots within the same plant height not connected by the same letter (s) are significantly different according to the Student’s t-test at
P=0.05 significance level.
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Figure 4-3. Palmer amaranth control at various plant heights as affected by selected herbicide treatments in trial 1
*Boxplots within the same plant height not connected by the same letter (s) are significantly different according to the Student’s t-test at
P=0.05 significance level.
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Figure 4-4. Palmer amaranth control at various plant heights as affected by selected herbicide treatments in trial 2
*Boxplots within the same plant height not connected by the same letter (s) are significantly different according to the Student’s t-test at
P=0.05 significance level.
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Figure 4-5. Sicklepod control at various plant heights as affected by selected herbicide treatments in trial 1
*Boxplots within the same plant height not connected by the same letter (s) are significantly different according to the Student’s t-test at
P=0.05 significance level.
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Figure 4-6. Sicklepod control at various plant heights as affected by selected herbicide treatments in trial 2
*Boxplots within the same plant height not connected by the same letter (s) are significantly different according to the Student’s t-test at
P=0.05 significance level

